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Figure 2.1. Percolation experiment using conducting (aluminum) and insulating 
(glass) spheres at (a) low concentrations and (b) mid-range compositions.  (c) 
Percolation through a random distribution of aluminum spheres.  (d) Percolation 






Figure 2.2. (a) SEM micrograph of PVA/ATO composite with 5 wt% ATO resulting 
in a random or homogeneous distribution. The ATO particles are the bright specks.
31
 
(b)  SEM micrograph of polyethylene composite (gray) with 5 vol% segregated 






Figure 2.3. SEM micrographs of fractured cross sections of PMMA/CB specimens 





Figure 2.4. (a) AFM micrograph of a distributed network of carbon black in a 
PMMA composite. (b) I-AFM micrograph of the same area of microstructure as (a) 
showing the low amount of current passing through the carbon black in  the 
composite. (c) AFM micrograph of a segregated network of carbon black in a 
PMMA composite. (d) I-AFM micrograph of the same area of microstructure as (c) 
showing that the segregated carbon black is percolated due to the high amount of 





Figure 2.5.  Log resistivity vs. volume fraction of carbon black (CB):PMMA 
composites with mechanical mixing of segregated network and solution mixing 





Figure 2.6. Variation of the percolation threshold (fc) due to the ratio between the 
matrix phase particle radius (R1) and the filler particle radius (R2).
1
  A cartoon 
depiction of the difference in particle size of the matrix and filler has been added.  
 
15 
Figure 2.7. Simulated percolation threshold as a function of filler size for filler 
placement on the edge (1D) and face(2D) for matrix particles.  The matrix particles 
are 75µm and have either a truncated octahedral (O) or a truncated tetrahedral (T) 
shape.
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Figure 2.8. Variation of the percolation threshold (fc) due to the aspect ratio of the 





Figure 2.9. Whisker alignment of SiCw from hot pressing (a) parallel to the hot 






Figure 2.10. Thermal conductivity for lithium aluminosilicate glass matrix 
composites containing small diameter (VS, ~ 0.7 μm) and large diameter (VLS, 5-8 
μm) for silicon carbide whiskers (SiCw) along the (a) perpendicular direction to hot 





Figure 2.11.  (a) Log resistivity vs. time for select composites containing 
polyethylene and 13 vol% TiN at two different temperatures. Tm for the polymer 
was estimated at 142°C.
55
   
21 
Figure 2.12.  The dc conductivity vs. ITO concentration (vol. %) for PMMA/ITO 
nanocomposites molded using three different compaction pressures while 





Figure 2.13. (a) Backscatter micrograph of a thick film resistor showing the region 
of glass that has a high concentration of RuO2 solute in it.
66
 (b) RuO2 particles 





Figure 2.14.  Viscosity vs. temperature for several commercial glass compositions.  





Figure 2.15. Comparison of the densification rate ( fmc   /  ) of the composite 
relative to that for the free matrix plotted vs. the volume fraction of SiC 






Figure 2.16. (a) Complex impedance for a resistor (1000 Ω) and capacitor (1 nF) in 
parallel. (b) Complex impedance for a resistor (1000 Ω) and inductor (1 µH) in 
parallel.  (c) Complex impedance for a resistor (1000 Ω) and capacitor (1 nF) in 
series.(d) Complex impedance for a resistor (1000 Ω) and inductor (1 µH) in series.  
(e) Phase angle Bode plot of the circuit impedance from (a-d).  (f) Impedance 
magnitude of the circuits from (a-d).  Plots were created using the complex 





Figure 2.17.  Room temperature current and voltage measurements for SnO2, 8.8% 





Figure 3.1. Micrographs of the borosilicate glass microspheres used in this study.  
(a) Optical
110
 and (b) SEM micrographs of GL0179S.  (c) Optical and (d) SEM 





Figure 3.2. SEM micrographs of the various fillers used in this study.  (a) Low 
magnification
110
 and (b) high magnification of ATO(nm).  (c) Low magnification 
and (d) high magnification of ATO(µm).  (e) Low magnification and  (f) high 
magnification of SiCw (SC-9M)
111
.   
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Figure 3.3. Micrographs of low and high concentrations of filler mixed with glass 
microspheres.  (a) Low concentration(0.01 phr) and (b) high concentration(7.5 phr) 
of ATO(nm) coating GL0179S.  (c) Low concentration (0.01 phr) and (d) high 
concentration (10 phr) of ATO(nm) coating GL0179L.  (e) 2.5 phr of ATO(µm) 
coating GL0179S.  (f) 7.5 phr SiCw (SC-9M) coating GL0179S.  Both the ATO and 




Figure 3.4. Schematic of the mixed powder (blue rectangles) in the graphite 
die(gray) during hot pressing. 
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Figure 3.5. Schematic of the electrical characterization set up used for both ac and dc 
measurements with the composite and electrode arranged (a) parallel to the hot 
pressing direction and (b) perpendicular to the hot pressing direction. 
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Figure 3.6. Schematic of the electrical characterization set up created for this study 




Figure 4.1. Heating and pressure curve for ATO(nm)-GL0179S glass composites for 
sets #1 (550°C peak temperature) and set #2 (675°C peak temperature hold).  Both 
sets had a maximum pressure of 23.4 MPa applied during the peak temperature 





Figure 4.2.  Selected microstructures of hot pressed glass composites from set #2 
with the following compositions: (a) 0phr, (b) 0.001 phr, (c) 0.25 phr, (d) 1.0 phr, (e) 







Figure 4.3.  Optical images of hot pressed glass composites from set #2 with the 
following compositions: (a) 0.001phr, (b) 0.01 phr, (c) 0.01 phr, (d) 1.0 phr, (e) 5.0 
phr, and (f) 10.0 phr.   
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Figure 4.4.  Microstructure of 5.0 phr from set#2 at magnifications ranging from 
50x-1000x showing the consistent microstructure throughout.     
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Figure 4.5.  High magnification images of the ATO network in (a) 0.1 phr sample 
from set#1
112
, (b) 2.5 phr from set#2, and (c) EDS spectra for the areas labeled in 
(b)
110








Figure 4.6. (a)  SEM micrograph of 1.0 phr ATO (set#2) and (b) the same region but 
detecting the high concentrations of tin (red/dark regions). (c) SEM micrograph of 







Figure 4.7. (a) Model of a tetrakaidecahedron that resembles the shape of the 
deformed glass particles in these composites. (b) Adapted model of a 
tetrakaidecahedron with added ATO located at the boundaries based on the evidence 
from optical microscopy.  Both (b) and (c) were modified from reference
20
. (c)  
Optical micrograph of 10.0 phr ATO sample (set#3) and (d) the same region but the 
working distance of the microscope changed in order to focus on the bottom of the 




Figure 4.8. (a)  Schematic of I-AFM measurement of an insulator-conductor 
composite containing a percolated network.  (b) Atomic force topography 
micrograph of a 10.0 phr ATO-glass sample (Set#2).  The bar to the left of the image 
is the z-axis scale.  (c) Atomic force current image of the same area as (b).  The bar 






Figure 4.9. Comparison of the low frequency ac resistivity versus the concentration 





Figure 4.10. SEM micrograph of 2.5  phr ATO set#1 (550°C) (a) and set#2(675°C) 
(b). SEM micrograph of 5.0  phr ATO set #1 (c) and set #2 (d). SEM micrograph of 
7.5  phr ATO set#1 (e) and set#2 (f). SEM micrograph of 10.0  phr ATO set#1 (g) 
and set#2 (h).  The hot pressing direction is in the top to down direction. 
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Figure 5.1.  Resistivity curve for 2.5-10 phr for set#1 (ATO(nm)-GL0179S hot 
pressed at 550°C) and #2(ATO(nm)-GL0179S hot pressed at 675°C). 
  
70 
Figure 5.2. Heating and pressure curve for ATO(nm)-GL0179S glass composites for 
sets #1 (550°C peak temperature), set#1-T (610°C peak temperature hold), and set#2 
(675°C peak temperature hold).  All sets had a maximum pressure of 23.4 MPa 
applied during the peak temperature holds (shown by the dotted line). 
 
72 
Figure 5.3. Densification rate, based on equation 5.1, as a function of time and 
temperature for composites hot pressed at 550°C (set #1), 610°C (set #1-T), and 
675°C (set #2).  
 
73 
Figure 5.4. Complex impedance for 5.0 phr samples for (a) set #1 (550°C), (b) set 
#1-T (610°C), and (c) set #2 (675°C).  All sets were made at a constant pressure of 
23.4 MPa.  Corresponding representative microstructures for 5.0 phr samples for (d) 
set #1, (e) set #1-T, and (f) set #2 are also shown. 
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Figure 5.5.  Resistivity curve for 5.0 phr ATO(nm)-GL0179S as a function of hot 
pressing temperature used during processing.   
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 xvi 
Figure 5.6. The typical fractional density of set #2 composites as a function of 
temperature and time. 
77 
 
Figure 5.7. Heating and pressure curve for ATO(nm)-GL0179S glass composites for 
sets #2-P1 (5.8 MPa), set #2-P2 (11.7 MPa ), and set#2 (23.4 MPa).  All sets were 
exposed to a maximum temperature of 675°C applied during the peak temperature 




Figure 5.8. Densification rate for 5.8 MPa (Set #2-P1), 11.7 MPa (Set #2-P2), and 
23.4 MPa samples (Set #2)  based on equation 5.1 as a function of time and pressure. 
80 
 
Figure 5.9. Complex impedance for 5.0 phr samples for (a) set #2-P1, (b) set #2-P2, 
and (c) set #2.  All of these samples were made at a constant peak temperature of 
675°C.  Corresponding microstructures for the 5.0 phr ATO samples for (d) set #2-




Figure 5.10. Resistivity, obtained from the real impedance low frequency intercept, 
for various particle size ratios of glass:ATO composites.  
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Figure 5.11. SEM micrographs for (a) 1.0, (b) 2.5, (c) 5.0, and (d) 10.0 phr 
ATO(nm) for Set#3 
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Figure 5.12. Several different micrographs for 5.0 phr specimen form set #3 taken at 




Figure 5.13. Several different views of the same microstructure for 7.5 phr set #4.  
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Figure 5.14. (a) Optical micrograph of 2.5 phr SiCw/ Glass composite perpendicular 
to the hot pressing direction. (b) Optical micrograph of 2.5 phr SiCw/ Glass 





Figure 5.15. (a) SEM  micrograph of 2.5 phr SiCw/Glass composite perpendicular to 
the hot pressing direction.  An arrow is used to point towards some of the whisker 
networks.  The large gaps are due to glass particles that were pulled out during 
polishing, but from the shape it suggests a slight flattening of the glass particles. (b) 
SEM micrograph of 2.5 phr SiCw/Glass composite parallel to the hot pressing 





Figure 5.16. SEM micrographs for 0.25 phr SiCw along the (a) parallel and (b) 
perpendicular hot pressing direction.  SEM micrographs of 12.5 SiCw along the (c) 
parallel and (d) perpendicular hot pressing direction. 
92 
 
Figure 5.17. Log Resistivity vs. log composition (phr) of SiCw/borosilicate glass 
composites and the large drop in resistivity characteristic of percolation.  Results 







Figure 6.1. Schematics of the possible filler interfaces in these composites along 






Figure 6.2. (a) Complex impedance of dry pressed ATO(nm) at select pressures.  (b) 
Impedance magnitude of select pressures for dry pressed ATO(nm). 
 
98 
Figure 6.3. Complex impedance of dry pressed ATO(nm) at no applied pressure.  
The ATO was loosely compacted. 
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Figure 6.4. Complex impedance for hot pressed ATO(nm). 101 
Figure 6.5. Complex impedance for hot pressed borosilicate glass (GL0179). 
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Figure 6.6. (a) Equivalent circuit model basis using the microstructure of an ATO 
network (2.5 phr ATO(nm)-GL0179S hot pressed at 675°C) along with schematics 
of the possible circuit elements that are present in this network.  (b) Proposed 
equivalent circuit using the microstructural features in (a) and the impedance 
behavior/models in Figure 6.3-6.5.  
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Figure 6.7. Complex impedance for (a) 0.05, (b) 1.0, and (c) 10 phr set#1 
(ATO(nm)-GL0179S hot pressed at 550°C) with the applied equivalent circuit fits 
from Table 6.2 (shown as solid lines).   
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Figure 6.8. Complex impedance for (a) 0.25, 1.0, 1.5 (b) 2.5, and (c) 5.0 and 7.5 phr 
set#2 (ATO(nm)-GL0179S hot pressed at 675°C) with the applied equivalent circuit 
fits from Table 5.3.   
 
110 
Figure 6.9. SEM micrographs of 5.0 phr (a and b) and 10 phr (c and d) for set #3 
(ATO(nm)-GL0179L hot pressed at 675°C).  Arrows were added to show the 
insulating glass/ATO boundaries, which also appeared in the microstructures in set 
#2 (ATO(nm)-GL0179S hot pressed at 675°C).  
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Figure 6.10. Complex impedance and fits for (a) 0.1, (b) 2.5, and (c) 7.5 and 10 phr 
for set #3 (ATO(nm)-GL0179L hot pressed at 675°C).  The fits were applied using 
the equivalent circuit fits from Table 6.5.  
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Figure 6.11. Normalized M” and Z” for select compositions for set #1 (ATO(nm)-
GL0179S hot pressed at 550°C). M” and Z” peaks were normalized to +1 and -1 













Figure 6.12. Normalized M” and Z” for select compositions for set #2 (ATO (nm)-
GL0179S hot pressed at 550°C). The selected compositions were (a,b) 0.001 phr, (a) 
1.0 phr, and (d) 2.5 phr.  For part (b) 0.001 phr top was the sample and was 
normalized to the second smaller peak. (a and b) were modified from reference 
110
. 
Additional normalized peaks in tan δ, ε", and Y" were included in (b). M” and Z” 
peaks were normalized to +1 and -1 respectively except for (b).  
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Figure 6.13. Normalized M” and Z” for (a) 0.1 phr and (b) 2.5 phr from set #3 
(ATO(nm)-GL0179L hot pressed at 675°C). M” and Z” peaks were normalized to +1 
and -1 respectively.  
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Figure 6.14. Complex impedance and equivalent circuit fits of (a) 5.0 phr and (b) 
10.0 phr from set #4 (ATO(µm)-GL0179S hot pressed at 675°C).  The fits were 
applied using the equivalent circuit fits from Table 6.6.   
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Figure 6.15. (a) Complex impedance for select pressures for dry-pressed SiCw.  (b 
and c) Zooms of the data presented in part (a).  (d) Bode plot of the Log impedance 
magnitude for select pressures.    
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Figure 6.16. Complex impedance and equivalent circuit fits for set #5 (SiCw-
GL0179S hot pressed at 675°C).  (a,b) 0.001 and 0.01 phr SiCw along the 
perpendicular and parallel direction, respectively. (c,d) 5.0 and 7.5 phr SiCw along 
the perpendicular and parallel direction, respectively. (e,f) 10.0 and 12.5 phr SiCw 
along the perpendicular and parallel direction, respectively. The fits were applied 
using the equivalent circuit fits from Table 6.8.   
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Figure 6.17. (a)Log Resistivity vs. relative density of SiCw/borosilicate glass 
composites.  Both the perpendicular and parallel measurement directions are shown. 
(b) SEM micrograph for 12.5 phr SiCw along the parallel direction showing the 





Figure 6.18. Summary of the resistivities achieved for all the primary composites 
sets at (a) 5.0 phr and (b) 10.0 phr showing the wide range of electrical properties 
that can be controlled by adjusting certain processing parameters.  
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Figure A.1.  Complex admittance plots and equivalent circuit fits composites in 1.5 
and 2.5 phr ATO for set #1 (550°C). 
 
145 
Figure A.2.  Complex admittance plots and equivalent circuit fits for 7.5 and  
10 phr ATO composites in set #1 (550°C). 
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Figure A.3.  Complex modulus plots and equivalent circuit fits for 0.05 phr ATO 
composites in set #1 (550°C). 
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Figure A.4.  Complex modulus plots and equivalent circuit fits for 1.0phr ATO 
composites in set #1 (550°C). 
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Figure A.5.  Complex modulus plots and equivalent circuit fits for 10 phr ATO 
composites in set #1 (550°C). 
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Figure A.6.  Complex admittance plots and equivalent circuit fits for 0.01 and 0.1 
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ATO composites in set #2 (675°C). 
 
148 
Figure A.8.  Complex admittance plots and equivalent circuit fits for 7.5 and 10 phr 
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phr ATO composites in set #2 (675°C). 
 
151 
Figure A.14.  Complex permittivity plots and equivalent circuit fits for 1.5 and  2.5 
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 In this research, borosilicate (Pyrex®) glass-matrix composites were fabricated using a 
processing method to create segregated networks with low concentrations of conducting fillers.  
The fillers used were antimony tin oxide (ATO) and silicon carbide whiskers (SiCw).   The 
conducting fillers were hot pressed with the glass microspheres at temperatures near the glass 
transition temperature (550°C) and halfway to the softening point (675°C), using various 
pressures.  Upon hot-pressing at these low temperatures, the glass microspheres deformed into 
faceted polyhedra and the fillers were displaced to the edges of the glass particles due to the 
relatively low hot pressing temperatures used (i.e. at high glass viscosity) and the added pressure.   
 The result of this processing technique was the formation of segregated percolated 
networks of the conducting filler used, which decreased the electrical resistivity of the 
composites.  Both the ATO and SiCw have electrical resistivities many orders of magnitude 
lower than that of the glass, so the formation of the connected filler networks resulted in 
substantial decreases in the electrical resistivity as the concentration of the filler was increased.  
In some cases, this decrease was 12-13 orders of magnitude in the resistivity. Using a non-
destructive electrical measurement technique, ac impedance spectroscopy (IS), the changes in the 
electrical properties were tracked as the conducting networks developed.  Using IS in 
conjunction with other techniques, correlations were made between the electrical properties and 
the development of the percolation networks within the composites.   
 By comparing the impedance behavior of the pure filler material in various states, an 
equivalent circuit model was developed that describes the development of the filler networks as 
the concentration increased.  The model was also able to elucidate the different types of 
 xxiii 
interfaces that can develop in these types of composites based on factors such as the temperature 
and pressure.  Some of these interfaces were formed by a physical point contact between ATO 
and/or SiCw particles at low temperatures (550°C), and others were partially reacted/sintered 
contacts at the higher temperatures (675°C). 
 This project showed that the processing method used in this study was able to bypass 
many of the current issues associated with the creation of percolated networks in glass 
composites.  It was also shown that even when using the same materials, varying the temperature 
and/or pressure can cause different types of interfaces between the fillers which can affect the 
electrical response obtained and thus may lead to fabrication of glass composites with many 






 With composites containing an insulating and a conducting phase, the interactions 
between these phases can result in a large range of potential electrical property behaviors.  This 
is especially true for composites where the conducting phase forms a continuous network 
throughout the composite, which is known as percolation.
1, 2
  When percolation happens, a 
significant shift in the electrical properties is observed: the properties of the composite change 
from insulating phase-dominated to conducting-phase dominated.
3
  Much research has been done 
studying percolation behavior within polymer composites, and a technique has been developed 
which can achieve the large change in electrical properties utilizing very low concentrations of 
the filler (conducting) phase. 
4-6
   This processing technique involves the compression molding of 
large particulates of the polymer matrix material with finely-sized conducting filler particles.
4-6
  
The polymer is pressed at specific temperatures and pressures  in order to control the viscosity 
such that as the polymer particles deform into a faceted polyhedra, the filler particles are pushed 
primarily to the edges of the filler particles instead of penetrating into the polymer particles.
4
  As 
a result,  the filler forms a percolated network at low concentrations.  
 The concepts used to create percolated segregated networks in polymer composites 
should also be applicable to ceramic glass composites; however, this processing methodology 
and composite microstructure has not yet been applied to ceramic glasses.  The benefit with glass 
composites is that they have higher application temperatures than polymer composites and the 
processing involved with glass can result in a greater range of electrical properties.  Glass is not 
typically produced through powder processing since  glass is often just melted and shaped 
 2 
instead.  As a result information about the temperatures, pressures, and hot pressing conditions 
needed to create this type of segregation is rather limited with powder processing of glass.  These 
glass composites also have an additional complexity compared to polymer composites since 
these composites are processed at a temperature much higher than the polymer composites.  With 
this higher temperature is the possibility of the filler and glass materials reacting or sintering, 
which can influence percolation in ways not entirely known.   
 Successfully creating glass composites with segregated networks of percolated filler 
using very low concentrations of filler could have a great deal of potential applications and uses.  
Typically, glass for electronic applications is used primarily for its insulating properties and is 
often found as a substrate material or as sealing glasses
7, 8
.  With this percolated microstructure, 
the application of glass in electronic applications can be expanded to anti-static shields
9
, 




, and EMI shielding
14
 to just name a 
few.  Also, compared to polymer composites, glass composites can be used at much higher 
temperatures.  The application will determine the type of filler, but this processing method 
should be relatively independent of the filler material.  In addition, the technique should be 
primarily glass composition independent, which bypasses many of the issues with percolated 
networks in glasses today.   
 As mentioned, this processing idea has not been applied to glass, but it has a great deal of 
potential.  This project will focus on whether it is possible to create percolated networks in 
glasses using the segregated network processing technique employed for polymer composites, as 
well as how many of these processing variables can influence both percolation and the overall 
electrical properties.  In particular, the behavior of the filler particle interfaces will be explored 
 3 
since this can highly influence the electrical properties.  A great number of potential interfacial 
interactions can occur with this processing technique and the temperatures involved. 
 The background literature is sumarized in Chapter 2. A detailed description of the 
processing techniques used to create these composites along with the several characterization 
techniques utilized in this study are given in Chapter 3.  Chapter 4 describes several techniques 
that were used to verify the segregation, percolation, and spatial arrangements of the materials in 
the composite.  The focus of chapter 5 is to show how the electrical resistivity changes due to 
this spatial arrangement of the materials.  Chapter 5 also explores some of the processing 
parameters such as temperature, pressure, particle size, and particle shape that can influence the 
resistivity and the onset of percolation.   
 In chapter 6 many of the ideas already presented are combined with an in-depth analysis 
of the information extracted from impedance spectroscopy to provide a description of the filler 
networks that formed, and how they influence the overall electrical properties.  This discussion is 
aided by the development of an equivalent circuit model to help explain what is occurring within 
the composite.  The influence that the processing variables (i.e. temperature, pressure, particle 
size and shape) have on the percolated networks, particle interfaces, and resulting electrical 
properties are also discussed. Chapter 7 will conclude the dissertation and will suggest possible 








2.1. Percolation in Composites 
 
 Percolation in general terms refers to the movement of a material or signal 
throughout a system.  This concept has numerous applications such as the spread of forest fires 
through trees, the flow of fluids in soil, and the spread of disease in a population.
2, 15, 16
   For 
composite materials, percolation refers to when the added phase, or filler, forms some sort of 
contact with one another and results in an interconnected network in the composite.
17
  When this 
network forms, which is typically three-dimensional, this results in a property change in the 
composite as the filler's properties are imparted to it.
17
  For example, the addition of an 
electrically conducting filler to a composite that has an electrically insulating material as the 
matrix will eventually result in percolation.  This will result in a rapid increase in the electrical 
conductivity of the composite.  
Figure 2.1 shows a simplified experiment of percolation in a composite material.  Figure 
2.1(a) shows a glass jar full of glass marbles, which are the white spheres.  At the top and bottom 
of this jar is an electrode.  In its current state there will be no flow of electricity from the top of 
the jar to the bottom since the glass marbles are electrically insulating.  Suppose that one of these 
glass marbles was replaced with a sphere made out of aluminum, which is electrically 
conducting. An example of this situation is given  in Figure 2.1(a). Overall there won't be a 
change in the electrical properties of the contents of the jar, which is the "composite" in this 
scenario.  As more aluminum spheres are added to the jar, the aluminum spheres start to become 
closer to one another, such as what is shown in Figure 2.1(b).  At a certain point, the 
concentration of aluminum will be high enough that aluminum particles will start to touch and 
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eventually, form a continuously touching pathway from the bottom electrode to the top electrode.  
An example of this is shown in Figure 2.1(c).  The conducting percolated network is depicted 
with a parallel arrow.  When this occurs the "composite" has percolated and the conductivity of 
the jar will be much closer to the electrical conductivity of aluminum.  The concentration at 





Figure 2.1. Percolation experiment using conducting (aluminum) and insulating (glass) spheres 
at (a) low concentrations and (b) mid-range compositions.  (c) Percolation through a random 
distribution of aluminum spheres.  (d) Percolation through a segregated distribution of aluminum 





Percolation in composites, especially with materials with a large disparity in the 
properties such as the electrical conductivity, have been studied extensively.
5, 6, 21-26
  The reason 
they have been studied so much is due to the potential composite properties that can result, 
which is dependent on numerous factors.  One of the most commonly used equations to describe 
percolation in composites is listed below in equation (2.1). 
 scM A        (2.1) 
Where σM is the property of the mixture, A is proportionality constant, ρ is the probability of a 
site being filled, ρc is the percolation threshold, and s is an exponent that is insensitive to the 
microstructure.
3, 24, 27
 This model has several limitations, especially at the higher concentrations 
when percolation has occurred, but it does show that the concentration of conductive material 
and the percolation threshold are a critical part of the composite property.
3, 28
  While the 
concentration of filler material is important for percolation, there are many other factors that can 
influence percolation in a composite. 
 
2.2. Influence of Microstructure on Percolation 
 
 For insulator-conductor composites, the onset of percolation has a dramatic influence on 
the overall composite properties.  The onset of percolation in these composites and the overall 
properties will be dependent on how the added filler percolates and the resulting microstructure 
in the composite.  There are two models that are often used to describe the types of 
microstructure that can lead to percolation, which are the random and segregated models.  As the 
name would suggest, the random model describes the filler being randomly or homogenously 
dispersed throughout the microstructure of the glass.  At high enough concentrations the filler 
will form clusters and eventually these clusters will be large enough to span the composite.
29
  
The jar example in Figure 2.1 (a-c) with the glass marbles and aluminum spheres is an example 
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of this random model.  The other type of microstructure is described by the segregated model.  
An example of which is shown in 2.1(d).  For the glass jar full of glass marbles and aluminum 
spheres, instead of randomly placing the aluminum spheres the placement of the spheres will be 
limited to a certain area/volume.  Since the aluminum is limited to where it can be placed, it will 
be more likely that the aluminum will span across the composite with less material.  This is 
shown in Figure 2.1(d). 
 For Figures 2.1(c) and (d), there is a large difference in both the concentration of 
conducting material/filler and the percolation threshold between these two models. As a result 
the percolation behavior will be quite different. The random model results in a high percolation 
threshold, while the segregated model has a lower percolation threshold than a random model.
4, 
28, 30
   Some examples of a random and segregated network are shown in Figure 2.2.  The 
microstructure containing randomly placed filler is shown in Figure 2.2(a), which is a composite 
consisting of poly(vinyl alcohol) (PVA) as the matrix and antimony tin oxide (ATO) as the filler 
material.  The composite was fabricated by solution blending the ATO with the PVA and casting 
the solutions. 
31
  The filler (ATO) in this micrograph is the bright spots located homogeneously 
throughout.  An example of a segregated percolated network is shown in Figure 2.2(b).  This 
composite has carbon nanotubes (CNT), which are the dark phase, segregated in an ultrahigh-
molecular-weight polyethylene (UHMWPE) composite matrix along with some silica.  A close 
up of these segregated CNT networks is shown in Figure 2.2(c).
32
   
For many conventional composites a random or homogeneous distribution is often the 
common type of percolation that occurs.  The main drawback to this method is that it requires a 
much higher concentration of the filler material in order to percolate, which can increase the 
cost, create processing issues, and make reproducing a specific property difficult.
1, 20, 33, 34
 The 
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advantage in the creation of a segregated network is that it can result in percolation at 
concentrations substantially lower than a random distribution, which means that the cost can be 
reduced and many of the properties of the matrix material can be maintained, such as the 
mechanical
32




Figure 2.2. (a) SEM micrograph of PVA/ATO composite with 5 wt% ATO resulting in a 
random or homogeneous distribution. The ATO particles are the bright specks.
31
 (b)  SEM 
micrograph of polyethylene composite (gray) with 5 vol% segregated networks of SWCNT 




 The creation of percolated networks of filler through segregation method has primarily 
been studied through polymer composites.
1, 4, 5, 16, 30, 35
 Typically there are three main methods to 
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create these segregated networks that utilize structural, thermodynamic, and physical 
properties.
28
 Structural property segregation is where the  polymer is partially crystallized, and as 
the polymer is crystallized the added filler is segregated to the amorphous regions of the 
polymer.
36, 37
  Segregation using thermodynamic properties involves an immiscible blend of 
matrix polymers.
38
  The added filler is located in one of these blends, or depending on the 
wettability, the polymer can be segregated at the interface between the two immiscible 
polymers.
39
  The final method of segregation is achieved through adjusting the particle size ratio 
of the matrix and filler particles and then compression molding/hot pressing the powder mixture 
using specific processing conditions.
28, 35, 40
 The particle size ratio between the filler and matrix 
particles typically involves combining a fine-sized conducting filler with a coarse-sized 
insulating powder.
5, 6, 24
  This physical method results in the most amount of segregation and also 
relies on the processing parameters.  This means that it isn't materials dependent like the 
previous two methods.
28
  This type of method was used to create the composite in Figure 2.2 (b 
and c)
32
  as well as numerous types of segregated composites with different matrix and filler 
materials.
4, 35, 41-44
  Along with controlling the particle size ratio, the consolidation during hot 
pressing is essential to preserve the segregated spatial arrangement promoted by the particle size 
difference. The influence of the hot pressing is shown in Figure 2.3.  The figure shows the 
fracture cross-sections of polymethylmethacrylate (PMMA) matrix composites containing 
carbon black (CB) with increasing amounts of CB.
4
  With no filler/CB in the composite (Figure 
2.3(a)) the composite fractures like a ductile polymer.  With the addition of the CB and the use of 
this hot pressing method, the polymer particles become faceted polyhedral, shown in Figure 2.3 
(b and c).  The CB is on the edges and somewhat on the faces of these polyhedra.    At the higher 
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concentrations, 10 phr CB in Figure 2.3(d), the CB can be seen to be primarily forming 




Figure 2.3. SEM micrographs of fractured cross sections of PMMA/CB specimens with CB 




2.3. Influence of Percolation Microstructure on Electrical Properties 
 
 The advantage of this type of segregated network is that it can result in an improvement 
of the electrical properties as well have a much lower percolation threshold compared to a 
random network.
4
  An example of this is shown with PMMA composites containing carbon 
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black, which were fabricated using two different processing methods.  The first method was 
through dissolving the PMMA in solution and adding the carbon black.
4
  A similar method was 
used to create the composite in Figure 2.2(a).
31
 Similar to the microstructure in Figure 2.2(a), this 
PMMA/CB composite also had a homogeneous dispersion of the filler.
4
  An example of this 
microstructure is in Figure 2.4(a).  This micrograph shows the topography of a PMMA/CB 
composite with a random distribution using atomic force microscopy (AFM).
6
 The CB particles 
can be detected by the brighter regions in the micrograph, which using the z-axis scale are the 
raised areas. This composite is percolated but the corresponding current-AFM (I-AFM) 
micrograph in Figure 2.4(b) shows very little current change (current is the z-axis scale) 
throughout the microstructure because it is difficult to detect the low current across the thickness 
of the composite. The influence of this distribution of filler, and the lack of faceted particles with 
the polymer matrix, on the electrical resistivity as a function of carbon black concentration is 
shown in Figure 2.5.  
 An example of this segregated network is shown with the AFM(Figure 2.4(c)) and I-
AFM(Figure 2.4(d)) micrographs.  The CB particles in Figure 2.4(c) are located at the edges of 
the particles and resemble grain boundaries.  The I-AFM micrograph in Figure 2.4(d) is the same 
area but is showing areas of high current through the thickness of the composite instead of the 
topography.
6, 45
  The areas of high electrical current are the same as the boundary areas in Figure 
2.4(c).  So by changing the distribution of the carbon black, these composites percolated at a 
much lower concentration of carbon black and had resistivity orders of magnitude lower than the 
composites with a homogeneous distribution.   
 The solution mixing method (shown with the diamond symbol in Figure 2.5) with the 
random distribution of carbon black resulted in percolation around 2.7 vol% carbon black and in 
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total the resistivity dropped about 12 orders of magnitude at the highest reported concentration of 
carbon black.  The other type of composite was fabricated using carbon black that was much 
smaller in size than the PMMA particles and compression molding the powder mixture at 
temperatures around the melting point of PMMA (170°C).
4
  When compression molding, the 
temperature and pressure were controlled so the viscosity of the polymer is low enough to 
consolidate the composite but high enough that it doesn't allow the polymer to penetrate the 
polymer, but is instead pushed to the polymer particle edges and triple points.  This was how the 
composite in Figure 2.2 (b and c) were also fabricated.  This was also the method used for the 
mechanical mixing data (triangle symbol in Figure 2.5).  As a result of this method, percolation 
occurred at 0.26 vol % carbon black and the total resistivity dropped over 15 orders of magnitude 




Figure 2.4. (a) AFM micrograph of a distributed network of carbon black in a PMMA 
composite. (b) I-AFM micrograph of the same area of microstructure as (a) showing the low 
amount of current passing through the carbon black in the composite. (c) AFM micrograph of a 
segregated network of carbon black in a PMMA composite. (d) I-AFM micrograph of the same 
area of microstructure as (c) showing that the segregated carbon black is percolated due to the 






Figure 2.5.  Log resistivity vs. volume fraction of carbon black (CB):PMMA composites with 





 Other polymer systems have also shown evidence of formation of segregated networks 
through similar methods although not as ordered as the composites previously discussed. Kusy 
and Turner created segregated polymer composites of polyvinyl chloride (PVC) and nickel by 
controlling the temperature and pressure during processing such that the flow of polymer was 
controlled enough that the spatial arrangement of the particles remained.  This resulted in a 
segregated microstructure with a percolation threshold around 6 vol%.  Similar composites with 
a random distribution of filler had the percolation threshold around 35 vol%.
25
 Grady formed 
segregated microstructures using polyethylene, silica, and single-walled carbon nanotubes 
(SWCNT) through heated compression molding that resulted in a percolation threshold of 0.14 
wt%.  An example of these composites was shown in Figure 2.2 (b and c).
32
 Lisunova et al. 
reported percolation as low as 0.04 vol% in a polyethylene and multi-walled carbon nanotube 
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(MWCNT) composite through hot pressing.
46
  Numerous more composites have been reported 
with various types of polymer matrices and conducting filler particles, which shows how this 
physical processing method not only results in a low percolation threshold, but also that it is 
applicable to a large range of matrix and filler types and compositions.  
 
2.4. Processing Factors that Influence Segregated Percolation 
 The physical method, which controls the particle size and viscosity of the polymer, 
typically results in the most amount of filler segregation and the lowest percolation threshold.  
This method however, is dependent on many factors that can either reduce or raise the 
percolation threshold and influence the percolation network.   
2.4.1. Influence of Particle Size 
 When creating a segregated percolated network, the percolation threshold tends to 
decrease with a larger particle size ratio between the matrix and filler particles.  The general 
relationship between the percolation threshold and particle size ratio of the matrix material radius 
(R1) and the filler material radius (R2) is shown in Figure 2.6.
1
 The use of smaller glass particles 
will result in smaller particle size ratio between the matrix and filler, which will result in a more 
homogeneous dispersion.  This means that a higher filler loading will be needed to achieve 
percolation, which is what is shown in Figure 2.6.  A larger particle size ratio, with the glass 
particle being much larger than the filler, would create an excluded volume in which the filler 
cannot occupy.  As a result, the filler would be segregated between the larger glass particles.  
This will result in a lower percolation threshold.
47
  Ideally for segregated composites, the matrix 
particle will be relatively coarse (micron-sized) and the filler will be as small as possible (nano-
sized).  The influence of the filler size on the percolation threshold can be seen in Figure 2.7 for 





Figure 2.6. Variation of the percolation threshold (fc) due to the ratio between the matrix phase 
particle radius (R1) and the filler particle radius (R2).
1
  A cartoon depiction of the difference in 
particle size of the matrix and filler has been added.  
 
 The filler sizes in figure 2.7 are 100nm or smaller and the polymer matrix size is kept 
constant at 75 μm.  This figure also shows different shapes of the polymer matrix (truncated 
octahedral and tetrahedral) and the percolation for edges (1D) and faces(2D).
6
    From this figure, 
the percolation threshold, which is given in phr (parts per hundred, resin), decreases to extremely 
small concentrations of filler as the filler size decreases.
6
  This figure shows how little filler 
material is needed to potentially result in percolation, while creating a noticeable change in the 
composite properties.   
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Figure 2.7. Simulated percolation threshold as a function of filler size for filler placement on the 
edge (1D) and face(2D) for matrix particles.  The matrix particles are 75µm and have either a 
truncated octahedral (O) or a truncated tetrahedral (T) shape.
6
   
 
2.4.2. Influence of Particle Shape 
 From Figure 2.7 the shape of the matrix particle can influence the percolation threshold 
since this will change the length of the edge networks and the length of the percolation network.  
With the previous models in Figure 2.6 and 2.7, the influence of the particle size had the 
assumption that the filler particles were close to spherical and had an aspect ratio close to 1.  As 
the filler changes from spherical to more ellipsoidal, the chance for the filler to connect with one 
another is higher, especially if there is some sort of texture or preferred orientation in the 
composite.
1, 48, 49
  Fillers with different shapes and aspect ratios can have different percolation 
behavior  than just spherical particles, which is what is shown in Figure 2.8.
1
  From this figure, it 
can be seen that as the aspect ratio increases for the filler particle, the percolation threshold is 
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lowered.  This was shown with both simulated composites and polymer composites containing 
carbon and aluminum fibers in this figure.
1
   
 
Figure 2.8. Variation of the percolation threshold (fc) due to the aspect ratio of the filler 




 There are several other factors with the percolation threshold with elongated filler that 
this figure does not show.  Due to the shape, there will likely be more variation in the types of 
interfaces and how these filler particles contact each other. For example, the electrical properties 
of the percolated network may vary if the filler particles are aligned end-to-end or side-by-side.
48, 
50
  The processing temperature and conditions can also have a strong influence when filler 
particles with a large aspect ratio are involved.  This is especially the case when the composites 
are hot pressed, which is the method to be used in this study and the method used to create many 
of the polymer composites previously mentioned that had segregated networks.
4-6,15,32,38
  As the 




  The degree of orientation depends on many factors, especially the 
viscosity of the polymer or glass, but if the hot pressing consolidates the composite, it will also 
likely result in an orientation of the filler particles.  
 Schematic of orientation obtained due to hot pressing of anisotropic fillers is shown in 
Figure 2.9.  When viewing parallel to the hot pressing direction (‖ HPD)49, such as in Figure 
2.9(a), where the hot pressing direction is into the paper, the elongated fibers or whiskers appear 
to be randomly placed and oriented.  When viewing the composite perpendicular to the hot 
pressing direction (⊥HPD)49, as depicted in Figure 2.9(b), shows the whiskers will have some 
horizontal alignment with the hot pressing direction.  With these types of alignment, the 
percolation threshold for the  ‖ HPD and ⊥ HPD will be different.  Not only will the percolation 
threshold be different, but the properties will be different along each direction.  An example of 
this is shown in Figure 2.10 which shows the thermal conductivity of aluminosilicate glasses 
containing silicon carbide whiskers (SiCw) that were hot pressed.  The temperature used to hot 
press these composites was quite high (>1300°C) compared to the temperatures that will be  
involved with creating segregated networks, so the microstructure is not expected to be the same. 
With the fluid glass, the whiskers oriented perpendicular to the hot pressing direction.
52
  The 
thermal conductivity perpendicular to the hot pressing (Figure 2.10(a))direction was noticeably 
higher than the parallel (Figure 2.10(b)) to the hot pressing direction due to this alignment.  







Figure 2.9. Whisker alignment of SiCw from hot pressing (a) parallel to the hot pressing 







Figure 2.10. Thermal conductivity for lithium aluminosilicate glass matrix composites 
containing small diameter (VS, ~ 0.7 μm) and large diameter (VLS, 5-8 μm) for silicon carbide 





2.4.3. Influence of Processing Temperature on Segregated Percolation 
 From the orientation effects with hot pressing, the processing variables during hot 
pressing have been found to influence the percolation threshold and resulting properties with 
segregated networks in polymer composites.
21, 55, 56
  The temperature during hot pressing is 
significant since this will influence the viscosity of the glass or polymer.  For these segregated 
composites, it is preferable to have the viscosity as high as possible to prevent the filler particles 
from penetrating into the matrix and instead to be displaced to the polymer particle edges and 
interfaces.  The viscosity will still have to be low enough to consolidate the composite so a range 
of temperatures can be used to create this microstructure.    With many polymer composites, an 
increase in temperature results in an increase of penetration of the filler into the matrix, which 
will break up the network.
55, 56
  At a critical temperature or with long enough times, the 
resistivity increases sharply due to the matrix polymer being fluid enough to penetrate and break 
up the percolated network.
55
  Higher temperatures can also result in improved packing and 
 21 
consolidation of the matrix around the filler particles, which will improve the packing of the 
filler and likely result in a decrease in the resistivity.  An example of this is shown in Figure 2.11 
which shows the resistivity of polymer composites containing a percolated network at different 
processing times and temperatures.
55
  At short processing times (<30 mins in Figure 2.11) the 
composites are densifying and the filler particles in the network are forming betters contacts with 
one another. The composites pressed at higher temperatures (Tm+40°C = 162°C) had a lower 
resistivity even at higher temperatures due to the improved network packing. At longer times 
however (< 30 mins), the composite will be consolidated and the matrix will begin to penetrate 
the network. With enough time or with an excess of temperature, the matrix material can 




Figure 2.11.  (a) Log resistivity vs. time for select composites containing polyethylene and 13 
vol% TiN at two different temperatures. Tm for the polymer was estimated at 142°C.
55






2.4.4. Influence of Processing Pressure on Segregated Percolation 
 Along with the influence of temperature, an increase in the pressure can influence this 
segregated percolation in various ways.  For some composite systems, the increased pressure 
could improve the contact between filler particles and result in better electrical conductivities. 
55
 
The pressure can also be detrimental to the percolation network with high enough pressures, 
since the added pressure can allow the polymer to flow into the capillaries between filler 
particles and break up the network.
21, 55
  An example of this is shown in Figure 2.12 with 
composites of PMMA/ITO.
21
  As the pressure is increased from 6.4 to 25.6 and 51.3 MPa, the 
conductivity of the composites decrease and for high enough pressures, the percolation threshold 




Figure 2.12.  The dc conductivity vs. ITO concentration (vol. %) for PMMA/ITO 





 While with many of these polymer composites, an increase in the pressure and 
temperature results in the matrix breaking up the percolated network, this may not be the case for 
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the glass composites to a point.  Since the glass is being processed at much higher temperatures 
than the polymer composites, there is the chance that filler particles can react with one another at 
the higher temperatures so the temperature and pressure influence could be much more 
complicated for these composites.   
2.5. Percolation in Glass Composites 
 All the methods used to create segregated percolated networks in polymer composites 
should be applicable to glass composites, especially the physical method which has little 
composition dependence.  The majority of glass composites that are designed to result in a 
change in the electrical properties have used a homogeneous or random distribution of the filler. 
Examples of this have included the addition of fillers such as: copper, silver, ZnO, TiO2, and 
ferroelectric crystals.
10, 26, 45, 57-59
 There are few examples in the literature of percolation in 
ceramic glass composites with segregated networks. 
2.5.1 Thick Film Resistors 
 One of the few types of ceramic glass composites that utilizes a segregated network are 
thick film resistors.  The name thick film resistor is actually misleading since it doesn't refer to 
the thickness of the composite but to how it is made.
60
  These composites are often fabricated 
with a lead borosilicate glass and RuO2 particles.
61, 62
  The glass particles are mixed with a paste 
containing the RuO2, which are often much smaller than the glass particles, and is then screen 
printed.  After being screen printed the composites are dried and fired to removed the organics.  
The final step involves sintering around 700-900°C.
60, 63
  The main variables in controlling the 
sheet resistance of these films are the particle size distribution and firing temperature.
61, 63
 
 After processing, these thick film resistors have a relatively low percolation threshold.  
The exact concentration of RuO2 will vary upon several factors including the desired resistivity 
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of the composite, the composition
62, 64, 65
, the size of the glass frit
63
, and the processing 
temperatures
61, 66






  These resistors 
can approach the limit of pure RuO2, 10
-4
 Ω·cm, but this is at high concentrations of filler (~60 
vol% RuO2).
64
 The reason for the low threshold is the interface that forms between the RuO2 
particles.  These RuO2 particles are actually not physically touching.  Between these particles is a 
glassy film (~1 nm) which wets and penetrates in between the RuO2 particles.
64
 An example of 
this is shown in the SEM micrographs in Figure 2.13. Even though the RuO2 particles are not 
physically touching (Figure 2.13(a)), percolation is still occurring due to tunneling across these 
thin glass regions.
62
  This is also aided due to the RuO2 reacting with the lead based glass, which 
results in a conducting glass region around the conducting filler particles.  An example of this 
conducting glass region is shown in Figure 2.13(b).  With certain additives to the glass or with 
certain heat treatments during sintering, the size of this region can be controlled
62
, which will 
result in a change in the composite resistivity.
64
 These regions around the glass are critical for the 
onset of percolation and the drop in resistivity but this also makes these thick film resistors 
highly composition dependent on both the glass and filler material.  RuO2 is an expensive filler 
and the glass used is commonly one of the “heavy” glasses, such as a lead or bismuth based 
glass, which often can have health or corrosion concerns.
60, 65
  These glasses are hard to avoid 
since the RuO2 has some solubility in lead or bismuth based glass that helps form the conductive 






Figure 2.13. (a) Backscatter micrograph of a thick film resistor showing the region of glass that 
has a high concentration of RuO2 solute in it.
66
 (b) RuO2 particles network that has a gap 





2.6. Glass Viscosity and Sintering 
 The reason why more percolated glass composites with segregated networks haven't yet 
been created is due to several factors with processing and sintering.  Typically, the manufacture 
of glasses occurs through a melting process due to the relative ease and shaping this method 
allows.
68
  Recently, interest in glasses produced from powders and sintering have increased in 
areas such as creating porous glass filters, glass composites, and advanced glass ceramics.
69
 The 
benefit of glass sintering is that glasses are less susceptible to processing flaws in particle 
packing than polycrystalline ceramics.
70
 Unlike its crystalline counterparts, the primary 
mechanism of sintering for glasses is viscous flow.
69, 71
   Because of this, the viscosity behavior 
as a function of temperature is a critical factor when sintering with glass.  One of the most 
common models to describe the viscosity of glass as a function of temperature for any glass is 





 TTBA      (2.2) 
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The variables A, B, and T0 are constants while T is the temperature in °C.  The variables B and T0 
are in units of °C or K while A can be in poise or Pa·s.
73
 The constants can be determined using 
specific points in viscosity such as the softening point (η=10
7.6





  A viscosity vs. temperature curve for many commercial glasses is 
shown below in Figure 2.15.  As the VFT equation suggests, the viscosity of glass is highly 
temperature and composition based.  In order to achieve glass sintering, the viscosity has to be in 





Pa·s.  This region is shown with the highlighted box region in Figure 2.14.  The glass transition 
range is the lower limit for glass sintering.  The top limit is the working point, which has a 
viscosity of about 10
3
 Pa·s.  This limit is marked off with the solid black line in Figure 2.14.  
Below this viscosity the glass is fluid enough to deform under its own weight.
68
  While this range 
for glass sintering may seem quite large, especially glasses with a large working range, in 
actuality this range is much smaller.  This is because in order to sinter glasses to full densities, 




, which is shown with the dashed line.  For 









This is one of the advantages of a lead based glass, such as 0010 in Figure 2.14.  Sintering for 
lead glasses can occur at several hundred degrees less than many other types of glasses such as 
Pyrex®.  Ideally if there was a way to fabricate composites at viscosities above 10
6
 Pa·s, it 
would allow the fabrication of many types of glass systems to be used as well as allow for many 
types of fillers that typically cannot tolerate the higher temperatures.   
 
2.6.1. Glass Sintering with an Applied Pressure 
 Much like the polymer composites, the glass composites in this study will be hot pressed 
at certain temperatures and pressures to create these segregated networks.  This should allow the 
temperature range, such as the ones in Figure 2.14, to be larger since it would allow viscosities 




 Pa·s).  The reason this is possible is due 
to the added pressure.  While the added pressure to a glass composite won't change the viscosity, 
it will improve the densification rate.  A model that explains the relationship between viscous 
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flow in pressure-assisted sintering from Scherer
75
 and modified by German and Park
76
 is shown 
below in equation 2.3. 







          (2.3) 
Where df/dt is the densification rate (1/s), PE is the effective pressure (MPa), ε is the fractional 
porosity (dimensionless, 0 to 1), and η is the viscosity (Pa·s).
75, 76
  The effective pressure is not 
the same as the applied pressure (PA) since it factors in the concentrations of the forces at the 
point of contact between particles.  The relationship between effective pressure and applied 
pressure is shown in equation 2.4.   













        (2.4) 
Where f is the fractional density (dimensionless, 0 to 1), and fG is the fractional green density 
(dimensionless, 0 to 1).
76
  At high enough pressures, the densification rate will be controlled by 
the pressure part of the equation and the viscosity will not matter as much.  The pressure is also 
more significant at the lower fractional densities and its influence will reduce as the composite 
consolidates, which at this point the viscosity will play a more significant role.
75
 For this study a 
balance between the two is likely necessary to obtain the desired microstructures. 
 
2.6.2. Glass Sintering with Rigid Inclusions and Networks 
 The viscosity of glass is a very important factor when sintering a glass composite, but the 
influence that the added filler has on the viscosity and the processing is also very important.  The 
addition of filler or a rigid inclusion to a glass system is considered a type of constrained 
sintering.
77-79
  The influence this has on the viscosity is dependent on several factors including: 
particle size, particle size distribution, distribution of rigid inclusions, wetting and chemical 
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interaction between the glass and rigid inclusions.
78, 80
 With all these factors however, the 
viscosity will increase with the addition of filler or rigid inclusions, which will cause a deviation 
from the viscosity in Figure 2.14 and the VFT equation.
78
  For this study, the most important 
factor with the addition of rigid inclusions or filler is the interaction the filler has with one 
another. This leads to the reason why thick film resistors are one of the few inorganic glass 
composite systems with a segregated percolated network. 
 The addition of filler to a glass composite will increase the viscosity and result in the 
difficulties when pressureless sintering a composite.    This has been shown in various glass 




, and aluminum 
borate whiskers
84
. The key parameter that influences sintering is the volume fraction of 
inclusions, which has been shown theoretically by Jagota and Scherer
85
 and experimentally by 
Rahaman and De Jonghe
77
.  While these models are able to describe the influence added filler 
has on the viscosity, they are more appropriate for composites with a homogeneous distribution 
of filler because these models are unable to predict the influence of filler interaction, which will 
be prominent in segregated percolated networks.
79, 85, 86
  The influence of filler particle 
interaction and percolation can be seen in Figure 2.15.  In this figure, the densification rate of the 
composite is normalized to the densification rate of the pure glass or ceramic matrix and is 
plotted as a function of volume fraction of filler/inclusions (SiC).  For the polycrystalline based 
composite, which is ZnO, there is a large drop in the densification rate due to the back stress 
from the SiC that is resisting the sintering forces of the ceramic.
20, 82
  This is one of the 
advantages of using glass as the matrix since it is more forgiving with the addition of filler.  This 
can be seen at low concentrations with SiC as a filler in Figure 2.15 as it follows the rule of 
 30 
mixture line.    A sudden deviation from this behavior occurs at around 0.16 vol% SiC, which 
correlates to the onset of percolation and filler interactions.   
 
Figure 2.15. Comparison of the densification rate ( fmc   / ) of the composite relative to that for 





 The cause of this deviation is due to something known as the rigidity threshold.  The 
rigidity threshold in composites is similar to the percolation threshold since it involves filler 
particles forming an interconnected network throughout the composite.
43, 87, 88
  The filler particles 
in the rigidity threshold have a type of contact known as hard-hard.  Hard-hard contacts typically 
involve particles that are bonded/sintered together or are "locked" together due to surface 
roughness.
20, 87
 This rigid contact allows for the transfer of loads and moments as well as 
rendering the composite rigid.
85, 89
  This network will be mechanically rigid, which will resist 
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deformation and densification forces during sintering.
82, 86, 88
  The reason thick film resistors are 
able to have these percolated networks is because they have a contact known as soft-soft.
87
  This 
type of interface does not have the particles physically touching and usually have the matrix 
material in between the filler particles, which will act like a lubricant and allow for the particles 
to move and rearrange, which allows them to be sintered through isothermal sintering.
85
  This is 
why thick film resistors are so composition dependent because a change in the glass or filler 
material will not result in this conducting glass region and the composite will either have a very 
high resistivity or will form hard-hard contacts in the composite and not sinter properly.  Based 
on this, it would be quite advantageous to have a method that can result in segregated percolation 
networks in glass composites that does not rely on composition and can either have hard-hard or 
soft-soft contacts in the percolation network.   
 
 
2.7. Impedance Spectroscopy 
 
 The electrical properties of a material system involve multiple microstructural processes 
such as the movement, concentration, and hopping of charge carriers like electrons and ions, that 
will contribute to the overall properties.  These properties can change if additional features are 
present in the material, such as defects and interfaces.
90
 For composites with these percolated 
networks, this will be a useful method to characterize the filler particle interfaces and the 
percolated networks in these composites. When measuring with a direct current (dc) it is 
assumed that the system is time-invariant and that the electrical measurement is at a steady 
state.
91
  As a result, many of these microstructural processes that contribute to the overall 
properties are lost out in the dc measurement.  Impedance spectroscopy (IS) on the other hand, is 
often able to show the influence of these processes. Impedance is the ac term for resistance since 
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it is a complex quantity (Z*). With impedance spectroscopy the complex impedance is 
determined by the current(I), voltage(V), and the phase angle (Θ) between the current and 
voltage over a frequency range.  The relationship between current, voltage, and phase angle with 




































Where Z' is the real part of the impedance and represents the energy that passes through 
the material, and Z" is the imaginary part of the impedance and represents energy lost or stored 
in the material.
93
  The term j is 1 and the real and imaginary part of each of these complex 
functions are designated with a prime and double prime respectively.  The impedance magnitude 
is defined as |Z|.
92
 
2.7.1. Frequency Dependent and Independent Plots 
 The real and imaginary components of the impedance are often plotted with the real 
component along the x-scale and the imaginary component on the y-scale.  The convention with 
the imaginary component is to have the negative values along the y-axis in the first quadrant.  
These types of plots are complex plane plots but can also be known as frequency 
independent/implicit plots.  While the frequency is not shown explicitly, for impedance behavior 
with a semicircle the frequency is increasing from right to left.
92
  Some examples of some of the 
types of complex impedance behavior are shown in Figure 2.16 (a-d).  Figure 2.16(a) is a 
semicircle in the first quadrant (Z' vs. -Z"), which is often a common type of impedance 
behavior.  The resistance (R) can be estimated by the intercept of the complex impedance 
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semicircle with the real axis (Z’).
92
  In this case and for Figure 2.16(b) this is also the diameter of 
the semicircle.  For Figure 2.16(c and d) the resistance would be where the lines intercept the Z’ 
axis.
92
   
 A great deal of other information can be gathered from these plots.  For example a 
capacitance can be extracted from Figure 2.16(a) by using the impedance and frequency at the 
apex of the semicircle.  A similar method can be used to calculate the inductance in Figure 
2.16(b).  The shape of the curves is also telling. If the complex impedance has curves resembling 
semicircles, such as Figure 2.16(a and b) then this shows that there are elements in parallel.  On 
the contrary, if the complex impedance is linear, such as 2.16(c and d) then it will have elements 
in series.
92
   
 Representing impedance data often comes in the form of frequency dependent plots, 
often know as Bode plots. Frequency dependent plots, or Bode plots, involves the log frequency 
with either the real or imaginary part of an impedance function.  These plots are particularly 
useful since they can show the onset of a relaxation, through an increase or decrease with the real 
part of the component, or with a peak in the imaginary part.
92, 93
  The plots are also useful in 
determining the type of element behavior in the impedance.  This element behavior is especially 
explicit in the Bode plot of the phase angle.  A phase angle of -90° is purely capacitive behavior, 
0° is purely resistor behavior, and 90° is purely inductive behavior.  When the impedance has 
multiple behaviors, the shift from one element to the other can occur at certain frequencies.
92
  All 
of these types of behaviors are displayed in Figure 2.16(e).  The impedance magnitude can also 
provide this element behavior.  For example, a decrease in the impedance magnitude with 
frequency is indicative of capacitive behavior and an increase with frequency is inductive 
 34 
behavior.  When the curve flattens out at lower frequencies and becomes independent of 
frequency, then it is a resistor.  All of these behaviors are shown in Figure 2.16(f).   
 
Figure 2.16. (a) Complex impedance for a resistor (1000 Ω) and capacitor (1 nF) in parallel. (b) 
Complex impedance for a resistor (1000 Ω) and inductor (1 µH) in parallel.  (c) Complex 
impedance for a resistor (1000 Ω) and capacitor (1 nF) in series.(d) Complex impedance for a 
resistor (1000 Ω) and inductor (1 µH) in series.  (e) Phase angle Bode plot of the circuit 
impedance from (a-d).  (f) Impedance magnitude of the circuits from (a-d).  Plots were created 




2.7.2. Calculation of Additional Immitance Functions 
 Impedance spectroscopy allows for additional information besides the dc resistivity, such 
as the capacitance and loss tangent (tan δ).  The use of this information can be used to calculate 
several types of immitance functions that highlight and emphasize different responses in the 
material and electrical behavior.  So a comparison of all these functions would allow for the 
identification of different types of materials and processes.
23
  A conducting material will behave 
very differently than an insulating material with these functions.  These immitance functions 
include the impedance (Z*), permittivity (E*), dielectric modulus (M*), and the admittance (Y*).  
The equations to calculate these functions are shown below.
23, 92
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2.7.3. Equivalent Circuit Modeling 
 All of the impedance spectra presented in Figure 2.16 are simulations of different types 
of circuits.  For example Figure 2.16(a) was made with a resistor (1000 Ω) and capacitor (1nF) in 
parallel (parallel RC).  When a material is measured using impedance spectroscopy, it often will 
exhibit similar, or a mix of behavior of the impedances displayed in Figure 2.16(a-f).  In order to 
help to properly analyze this material impedance information, a circuit is often created that 
matches the impedance data for the material.  This will allow for the material impedance data to 
be analyzed and also allow for the different processes that are occurring in the material to be 
explained with a circuit element.
92-94
  A classical example of this is a polycrystalline ceramic 
having an equivalent circuit fit of two parallel RCs in series.
95
  One of these RCs can be 
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attributed to the material behavior while the other parallel RC is due to the added resistance and 
capacitance of the grain boundary.
94-96
  One of the common pitfalls with equivalent circuit 
modeling is that most people only use the complex impedance for the equivalent circuit fitting.
92, 
97
  Multiple circuits can be used to fit the same complex impedance data so it is important to use 
the other immitance functions in conjunction with the complex impedance to obtain as accurate 
of an equivalent circuit fit as possible.   
2.8. Background on Materials to be Made Into Composites 
 The materials in this study will focus on a borosilicate glass as the matrix material, which 
in this case is the majority phase of the composite, and antimony tin oxide (ATO) and silicon 
carbide whiskers (SiCw) as the added phase/filler materials. 
2.8.1. Overview of Borosilicate Glass 
 Borosilicate glass is often utilized for its, low thermal expansion (30-60 x 10
-7
/°C), 
chemical durability, glass transition temperatures ranging from 500-600°C, and relatively low 
melting temperature.
68
  Pyrex® is one of the more commercial compositions of borosilicate 
glass
72
 and is the glass used in this study.  The name Pyrex® in this study will refer to the 
composition originally based from Corning, and not the new Pyrex® from World Kitchen, LLC 
which is a soda lime silicate glass.  The composition of Pyrex® places it on the edge of 
immiscibility.   For Pyrex, the immiscibility leads to nucleated phase droplets, which are kept 
small (20-50 Å) through rapid cooling.
68
 These droplets are rich in boron which means they are 
surrounded by a silica rich matrix.  This silica rich matrix improves the chemical durability and 
the low thermal expansion, which is why this glass composition is often used for laboratory 
glassware.
68




2.8.2. Overview of Antimony Tin Oxide 
 The primary filler for this study will be antimony doped tin oxide, which is often referred 
as ATO.  Like ITO, ATO is  a transparent conducting oxide.
11
  ATO has been garnering more 
attention lately since it is seen as a potential replacement for ITO due to the much lower cost.
98
  
There are a few reasons why ITO is currently being used more than ATO.  ITO has a higher 
conductivity, so for solar cell and transparent conductors, this is highly desirable. Also in order 
to create  ITO films, a common method to create these films is magnetron sputtering, which 
requires a high quality target.
13
  ITO targets have been sintered to full density relatively easily, 
but ATO targets cannot be made easily made dense.  This is due to some dominant 
nondensifying sintering mechanisms which includes surface diffusion, evaporation-
condensation, and especially for ATO, a high vapor pressure for temperatures over 1000°C, 
which are temperatures needed for sintering.
13
 
 Tin oxide (SnO2) itself is a wide-band-gap semiconductor (~3.6eV at RT) with a rutile 
structure (tetragonal cassiterite).
99
  The tin atoms are located at the corner and center position of 
the unit cell, and the oxygens are located at the tetrahedral interstitials.
99, 100
 When doped with 
antimony, the antimony replaces the tin at these positions. The addition of dopants such as 






  This 
resistivity for ATO is highly dependent on the amount of antimony doping.  There are several 
theories as to the cause of the dependency but one of the leading theories is the possibility of two 
different oxidation states for antimony.  Sb
5+
 is the main oxidation state at low levels of doping 
(<10%), which results in a decrease in the resistivity.
9
  The Kroger-Vink notation for this doping 





 oxidation state leads to n-type behavior with the free electrons it produces.  As a result 
the conductivity for the material increases significantly.  With this doping the material acts as a 
degenerate semiconductor  exhibiting metallic conduction properties.
98
   This change in the 
electrical properties can be seen in Figure 2.17 with a current-voltage curve of various doping 
concentrations of ATO and pure SnO2.  From these nonlinear curves, the tin oxide behaves like a 
semiconductor, but the addition of the antimony to SnO2 has led to these materials to act like an 
ohmic resistor since they follow ohm’s law.
98
   Most of the ATO has a concentration between 1 




Figure 2.17.  Room temperature current and voltage measurements for SnO2, 8.8% antimony 




At a certain concentration of antimony doping, Sb
3+
 will start to appear, which will be 
detrimental to the conductivity created by the Sb
5+
 state.  This is due to a switch to p-type and the 
loss of these free electrons.
98





2.8.3. Overview of Silicon Carbide Whiskers 
 The other type of filler to be used in this project are silicon carbide whiskers (SiCw).  The 
term whisker refers to a small single crystalline rod. These whiskers are typically a micron or 
less in diameter and usually have an aspect ratio much greater than one.
101
  Whiskers are often 
used in composites for their mechanical and thermal properties such as cutting tools, since the 
addition of whiskers often leads to an increase in fracture toughness.
102
  They are also being used 
more for microwave heating applications.  This is because the whiskers have a high dielectric 
loss factor
48, 103




 These whiskers can be produced from several different methods including chemical 
vapor deposition, plasma deposition, and pyrolysis of agricultural waste such as rich hulls and 
sugarcane leaf.  SiC has numerous polytypes but the material for this study will focus on the 









  This section provides details concerning the main fabrication steps used to obtain 
the composites described in this thesis and the methods used to characterize them.  Additional 
experimental details of some of these methods, particularly the hot pressing conditions, are noted 
in the subsequent relevant chapters. 
3.1 Composite Fabrication 
 Several batches of composites containing borosilicate glass, that had a composition 
equivalent to Pyrex®
68
, and a variety of filler materials, with different shapes, and sizes were 
made in this study. The various types of glass and filler used in this study are listed in Table 3.1. 
below.  The shape and sizes were estimated by the optical and SEM images shown in Figure 3.1. 




Table 3.1. Details Concerning the Various Types of Matrix and Filler Materials used in These 




Matrix Type  Particle Size  Shape  Manufacturer  
GL0179S  34-50 µm  Spherical  Mo-Sci  
GL0179L  212-250 µm  Spherical  Mo-Sci  
Filler Type  Particle Size  Shape  Manufacturer  
ATO(nm)  ~40-70nm  Roughly Spherical  Alfa Aesar  
ATO (µm)  ~0.5-2 µm  Roughly Spherical  Sulzer  
SiCw (SC-9M) 0.5-0.8 μm (Diameter)  
~10 μm (length)  
Rod  Advanced Composite 
Materials L.L.C.  
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Figure 3.1. Micrographs of the borosilicate glass microspheres used in this study.  (a) Optical
110
 





Figure 3.2. SEM micrographs of the various fillers used in this study.  (a) Low magnification
110
 
and (b) high magnification of ATO(nm).  (c) Low magnification and (d) high magnification of 
ATO(µm).  (e) Low magnification and  (f) high magnification of SiCw (SC-9M)
111
.   
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3.1.1. Mixed Powder Processing 
 For all the compositions in the sets, the matrix and filler powders were mixed using a 
rotary ball mill with 5mm alumina media(99.5%), although the glass microspheres appeared to 
contribute in dispersing the ATO and SiCw.  Table 3.2. summarizes the matrix and filler used in 
each set of composites made.  The concentration of filler in these composites ranged from 0.001 
to 12.5 parts per hundred, glass (phr).  The filler compositions for each set are summarized in 
Table 3.3.  The mechanical blending from the ball mill, which lasted about four hours for each 
composition, seemed to be sufficient at coating the glass particles with the filler.  In Figure 3.3. it 
can be seen that the ATO(nm) in particular adhered to the glass microspheres quite well.  Some 
ATO seemed to have come off during SEM sample preparation but for most of the particles, and 
especially the higher concentrations, the coating of ATO on the glass particles was very 
consistent. 
 
Table 3.2. Summary of Glass Composite Sets that Describes the Matrix and Filler Material Used, 










1 GL0179S ATO(nm) 550 23.4 
2 GL0179S ATO(nm) 675 23.4 
3 GL0179L ATO(nm) 675 23.4 
4 GL0179S ATO(µm) 675 23.4 
5 GL0179S SiCw (SC-9M) 675 11.7 
1-T GL0179S ATO(nm) 610 23.4 
2-P1 GL0179S ATO(nm) 675 11.7 





Table 3.3. Concentration in Phr (Parts Per Hundred, Glass) and Vol % of ATO and SiCw Fillers 




Set#1 Set#2 Set#3 Set#4 Set #1-T Set#2-P1 Set#2-P2 
Vol% SiCw 
Set#5 
0 0 x x x x - - - 0 x 
0.001 3.24 x 10-4 x x x x - - - 1.10 x 10-3 x 
0.01 3.24 x 10-3 x x x x - - - 1.10 x 10-2 - 
0.05 1.62 x 10-2 x - - - - - - 5.50 x 10-2 - 
0.1 3.24 x 10-2 x x x x - - - 0.11 x 
0.25 8.10 x 10-2 x x - - - - - 0.27 x 
1 0.32 x x x x - - - 1.09 - 
1.5 0.48 - x - - - - - 1.64 - 
2.5 0.82 x x x x - - - 2.63 x 
5 1.67 x x x x x x x 5.20 x 
7.5 2.43 x x x - - - - 7.60 x 
10 3.24 x x x x - - - 9.88 x 




Figure 3.3. Micrographs of low and high concentrations of filler mixed with glass microspheres.  
(a) Low concentration(0.01 phr) and (b) high concentration(7.5 phr) of ATO(nm) coating 
GL0179S.  (c) Low concentration (0.01 phr) and (d) high concentration (10 phr) of ATO(nm) 
coating GL0179L.  (e) 2.5 phr of ATO(µm) coating GL0179S.  (f) 7.5 phr SiCw (SC-9M) coating 
GL0179S.  Both the ATO and SiCw have a higher density than the glass so they are the brighter 






3.1.2. Hot Pressing 
The powder mixtures were hot pressed using an Astro Press located at Advanced 
Composite Materials (ACM) L.L.C.. The powder was placed in a graphite die lined with graphite 
foil (grafoil).  Three samples for each composition were pressed within a die, which were 
separated by a graphite spacer lined with grafoil.  A schematic of the loading and the die is 
shown in Figure 3.4.  The grafoil was located at all the exposed faces of the graphite die in order 
to prevent the glass from adhering to the die and making removal difficult during post 
processing. 
 




 Before the mixed powder was placed in the die, the grafoil was wiped down in order to 
help prevent excess graphite from entering the glass.  The powder was poured into each section 
of the die (Figure 3.4) and the die was tapped to create an even layer of the powder.  Once all the 
powder was loaded, the graphite die was dry pressed using an uniaxial press to about 100MPa.  
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Higher pressures were avoided during dry pressing to avoid fracturing the glass microspheres. 
During each hot press run, the die was placed within the hot press shell and vacuum was pulled 
before a flowing N2 atmosphere was introduced.  Several heating and pressure curves were used 
for these composite and the details of these curves will be discussed in the subsequent chapters. 
All of the composites had processing parameters, described in Table 3.2., that consisted of a peak 
temperature between 550° and 675°C and a max pressure between 6.5-23.4 MPa. At the end of 
the peak temperature run, the hot press was water cooled to 300° C.  After this temperature the 
outer shell of the hot press was raised and the die was allowed to air cool to room temperature.  
The glass composites, once stripped of the graphite dies, were lightly sandblasted to remove any 
excess carbon or grafoil that may have remained on the surface of the glass. The thickness of the 
composites ranged from about 5-10 mm.  The densities of the specimens were then determined 
via the Archimedes method using water.   
 
3.2. Sample Surface Preparation 
 
3.2.1 Sectioning and Polishing 
 For the various electrical and microstructural characterization methods, the specimens  
were sectioned using  a diamond blade.  Composites with an excessive amount of carbon along 
the edges had the carbon-rich regions sectioned off to minimize any carbon influence on the 
electrical properties.  For all the hot-pressed specimens, SiC grit paper (Buehler, Lake Bluff, IL) 
was used to smooth out the sample surface for both electrical measurements as well examination 
by microscopy.  This grinding also helped to remove any excess carbon that may have remained 
on the surface. Grits of 180, 320, 600, and 1200 were used. Cross sections that were observed in 
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the SEM were further polished to a mirror finish with 0.25 µm alumina polishing media 
(Buehler). 
3.2.2. Electrode Deposition 
 For all the electrical characterization methods, an electrode was deposited onto the large 
polished flat faces (parallel-plate configuration).  Before deposition, all the sample surfaces were 
cleaned first with distilled water then with isopropyl alcohol (IPA).  The samples were dried with 
compressed air to remove any residual water or IPA.  The electrode was applied by sputtering 
Ag (nominal purity of 99.9%-Alfa Aesar) with an argon plasma in a Denton Vacuum Desk II 
Turbo Sputter Coater.    To prevent deposition onto the side wall of the sample, which would 
cause a short, Scotch® tape was used to cover the sides and act as a mask during deposition. 
 
3.3. Microstructural Characterization 
 
 The primary microstructural characterization methods (SEM and optical microscopy) are 
discussed below.  Atomic force microscopy (AFM) and current-atomic force microscopy (I-
AFM) are discussed in Chapter 3. 
3.3.1. Optical Microscopy 
 Optical micrographs of polished cross sections (both parallel and perpendicular to the hot 
pressing direction) were acquired using a XSB 411 and a LEICA DMRX microscope. All optical 
photographs were taken with the XSB 411 primarily at 4x and 10x.  The LEICA is a 
stereographic microscope and was particularly useful in looking through the deformed glass 
particles to confirm the shape of the glass particle and the location of the filler. 
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3.3.2. Scanning Electron Microscopy (SEM) 
 Several different SEM microscopes were used to study these composites, primarily using 
a backscatter detector.  The microstructure of these composites were primarily viewed with a FEI 
Quanta 600 and 200 ESEM (FEI, Hillsboro, OR) and a Hitachi 3700 variable pressure SEM 
(Hitachi, Dallas, TX).  An accelerating voltage of about 10-15 kV was typically used. When the 
sample was sputter-coated with some type of conducting thin film, the filler in the glass was 
difficult to resolve so most of the images obtained were taken without a conducting film.  The 
Hitachi 3700 variable pressure SEM was advantageous in this regard since a pressure of about 40 
Pa (air) inside the microscope dissipated all charging and allowed the microstructure to be 
observed. The 3700 also had an EDS detector which was also used in this study to help identify 
the compositions at different regions in these composites. 
  
3.4. Electrical Characterization 
3.4.1. Alternating Current (ac) Impedance Spectroscopy Measurements 
Electrical characterization through the thickness of the composites was performed using 
impedance spectroscopy.  The dimensions of the composite samples, which were used for 
resistivity calculations, were taken with a digital caliper (Mitutoyo Corp., model 500-196). Since 
the composites were expected to have a wide range of electrical behavior, a Solartron 1260 
analyzer was used in conjunction with a Solartron 1296 Dielectric Interface (Solartron 
Analytical, Farnborough, Hampshire, U.K.).  All scans were taken with a 500mV ac voltage and 
a frequency range of 10MHz-0.1 Hz with the electric field generally applied parallel to the hot 
pressing direction (||-HPD).  Measurements perpendicular to the hot pressing direction (  -HPD) 
were also made, but this was significant only for the samples with SiCw as the filler.  A 
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schematic of this is shown in Figure 3.5.  Samples were scanned soon after the electrodes were 
ready in order to avoid any aging effects.   
 
Figure 3.5. Schematic of the electrical characterization set up used for both ac and dc 
measurements with the composite and electrode arranged (a) parallel to the hot pressing direction 
and (b) perpendicular to the hot pressing direction. 
 
3.4.2. Direct Current (dc) Calculations and Measurements 
 The dc resistance, which can be used to calculate the dc conductivity or 
resistivity, can be taken from this impedance data from the intercept of the impedance data with 
the real axis intercept (Z 'int) in the complex impedance plot (Z" v. Z').
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  The calculation for the 
dc resistivity is shown in equation (3.1) below where A and t are the cross-sectional area and 
thickness of the composite.  In order to confirm the correct value of Z 'int from the impedance 
data, dc resistance measurements were also made with a Keithley 6430 (Keithley Instruments, 
Cleveland, OH) using the set-up in Figure 3.5 (a). 




int'       (3.1) 
3.4.3. Electrical Characterization of Powders 
 In order to know an expected impedance that these fillers and mixes may have, a method 
was created to measure the impedance of powders by using a special die that was designed and 
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custom made for this study.   A schematic of the die used is shown in Figure 3.6. below.  The 
concept behind this die is to allow impedance spectroscopy measurements to be made on 
powders that are under an applied load.  At high enough pressures, the compacted powder should 
have a good contact with one another and as a result, provide a good estimate of the expected 
electrical properties for the filler.  As mentioned before, impedance spectroscopy can be used to 
calculate a dc resistivity which can be used to predict a limit that these composites can reach.  
Impedance spectroscopy however, has a great deal of additional information that can come from 
it.  One of the additional bits of information that can come from this method is the expected 
impedance behavior for the filler that is physically contacting one another.  This will provide a 
good comparison to the hot pressed composites in order to determine the type of contact a given 
filler has with one another inside the hot pressed composite. 
 A 12-ton model-C uniaxial Carver press (Carver Inc., Wabash, IN) was used to apply the 
pressure. A two-probe connection was used that connected to the top and bottom pieces of the 
steel pistons.  The steel pistons were insulated from the Carver press, in order to prevent the 
impedance measurement to be made on the press, by using highly insulating paper and electrical 
tape.  The impedance measurements will be made through the pistons and the compacted 
powder.  For the filler particles (ATO and SiCw) the impedance was measured at pressures 
between 0 MPa to 300 MPa, typically in increments of 50 MPa.    Powder mixtures of the glass 
and filler were also used but the max pressure was 50 MPa in 5 MPa increments in order to 
prevent any glass microspheres from breaking. 
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Figure 3.6. Schematic of the electrical characterization set up created for this study to measure 











 In this chapter the results obtained by using the various characterization methods 
described in the previous chapter are presented and discussed. Since this study is heavily 
dependent on using the segregation method to make glass composites, it is important to confirm 
the location of the filler and if this processing method produced consolidated composites with the 
desired microstructure. 
 
4.1. Processing of Set #1 and #2 
 As described earlier, in order to create composites with a segregated network, the 
viscosity has to be controlled so the filler particles will be pushed to the interface and segregate 
to the particle edges.  Because of this, the processing temperature has to be lower than normal 
sintering temperatures so the viscosity is high enough that it prevents the filler from penetrating 
into the glass.  At the same time the composite will still need to be consolidated so the 
temperature has to be high enough to allow for viscous flow to consolidate the composite. Figure 
4.1 shows the heating curves used in set #1 and #2, which had a max temperature ranging from 
550°C (set #1) to 675°C (set #2).  These max temperatures are in the range of the glass transition 
temperature and halfway to the softening point of this borosilicate glass.  In terms of viscosity, 




 Pa·s which is a very high viscosity when attempting to consolidate a 
composite through sintering.
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 Typical temperatures and viscosity requirements to fully 






though the processing temperature is several hundred degrees less than the conventional 
temperatures, the application of a uniaxial pressure should help offset this.  
 Listed below in Table 4.1 are the densities for the ATO composites (sets#1 and #2).  The 
primary difference between these sets is the maximum processing temperature used.  From the 
table it can be seen that for most of the concentrations of ATO, the relative densities are quite 
high, even though the temperatures used were about 300° C less than conventional sintering 
temperatures. 
 
Figure 4.1. Heating and pressure curve for ATO(nm)-GL0179S glass composites for sets #1 
(550°C peak temperature) and set #2 (675°C peak temperature hold).  Both sets had a maximum 


























0.0 99.47 ± 0.03  
0.001 99.49 ± 0.32  99.72 ± 0.02  
0.01 98.89 ± 0.64  99.58 ± 0.06  
0.05  99.66 ± 0.06 -  
0.1 99.69 ± 0.10  99.67 ± 0.04  
0.25  99.65 ± 0.08 99.47 ± 0.04 
1.0 99.56 ± 0.27  99.33 ± 0.06  
1.5  -  97.27 ± 0.19 
2.5 99.25 ± 0.11  98.81 ± 0.24  
5.0 98.95 ± 0.10  98.70 ± 0.08  
7.5 98.16 ± 0.10 98.81± 0.25  
10.0 96.91± 0.33  97.37± 0.19  
 
  4.2. Confirmation of ATO Networks 
 Shown in Figure 4.2 are SEM micrographs of the general microstructures for several 
compositions for set #2.  Since the ATO has a density about three times higher than that of the 
glass (6.8 g/cc v. 2.2 g/cc) the ATO will show up brighter when using a backscatter detector.
13, 68
 
There are distinct regions of the ATO that resemble grain boundaries in polycrystalline ceramics. 
Although for most of these composites the volume fraction of the ATO is quite small, for 
example the composition of 1.0 phr (Figure 4.1 (d)) has about 0.32 volume % ATO.  
 The actual composites are shown in Figure 4.3 (a-f).  From this figure it can be seen that 
for low concentration samples from 0.1 to about 1.0 phr ATO (Figure (a-d), the composites are 
somewhat translucent.  The composites have some coloration likely due to some carbon from the 
graphite die. The lower the concentration of ATO, the more susceptible the glass transparency 
was to the carbon impurities.  This can be seen with 0.001 phr ATO compared to 0.01 phr ATO 
in Figure 4.3 (a) and (b).  Past 1.0 phr ATO, the composites have a bluish hue to them due to the 
high concentrations of ATO, shown in Figure 4.3 (e and f).  
 56 
 
Figure 4.2.  Selected microstructures of hot pressed glass composites from set #2 with the 
following compositions: (a) 0phr, (b) 0.001 phr, (c) 0.25 phr, (d) 1.0 phr, (e) 5.0 phr, and (f) 10.0 





Figure 4.3.  Optical images of hot pressed glass composites from set #2 with the following 
compositions: (a) 0.001phr, (b) 0.01 phr, (c) 0.01 phr, (d) 1.0 phr, (e) 5.0 phr, and (f) 10.0 phr.   
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The ATO is located in the regions at the boundaries of the deformed glass particles, which for 
the most part have a faceted shape.  As a result the microstructure greatly resembles a 
polycrystalline ceramic microstructure.  This microstructure was consistent throughout the 
composite for all of the compositions.  Shown in Figure 4.4 below are several magnifications of 
the same composite showing that this distribution of the networks occurs throughout the entire 
composite and is not only in isolated regions.  
 
Figure 4.4.  Microstructure of 5.0 phr from set#2 at magnifications ranging from 50x-1000x 
showing the consistent microstructure throughout.     
 
 The shape of the glass was quite consistent throughout the composite and any anisotropy 
that sometimes appeared with the glass particle was more due to the location in the composite 
than the orientation to the hot pressing direction.  For example, particles near the edge and in 
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contact with the die had more orientation/alignment of the glass particles than in the center 
(which is the area shown in Figure 4.4). This orientation near the edge is due to the friction with 
the die wall.  These regions of slight anisotropy did not seem to have a great influence on the 
overall properties of the ATO/glass composites. 
 However, the network of the ATO can also show some variability.  At low concentrations 
of ATO, such as what is shown for the 0.1 phr ATO sample displayed in Figure 4.5(a), the ATO 
is located in between the glass particles and there seems to be some intermingling of the ATO 
and the glass at the very edge.  At 0.1 phr, the concentration is not high enough which causes a 
gap.  As the concentration increases, the ATO boundary becomes thicker and it appears to 
consist of two parts. Along the edge one can see glass and ATO, which is likely due to some 
penetration of the glass into the ATO.  An example of this is shown in Figure 4.5(b).  Towards 
the center of this ATO boundary, it appears to consist of just ATO.  During polishing it appears 
that some of the ATO in the center was removed, likely due to the pure ATO in the center being 
more loosely bound than at the ATO/glass edges.   
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Figure 4.5.  High magnification images of the ATO network in (a) 0.1 phr sample from set#1
112
, 
(b) 2.5 phr from set#2, and (c) EDS spectra for the areas labeled in (b)
110
.     
 
 In order to confirm the location of the ATO, EDS was performed on these composites.  
Both EDS and point scans were used to detect the location of the ATO.  With the EDS point 
scans, the resulting spectra was dependent on the location of the scan.  An example of this is 
shown in Figure 4.5(c) which is the resulting EDS spectra of areas shown in Figure 4.5(b).  
Several point scans of this area included the edge of the glass particle (1), at the center of the 
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glass particle (2), and at the center of the ATO network(3).  It can be seen in Figure 4.5(c) that 
the only location that had any detectable ATO content was at the center of the ATO networks 
(3). 
  SEM images and the corresponding EDS maps of the 1.0 phr and 5.0 phr (set#2) samples 
are shown in Figure 4.6 (a) through (d).  The SEM micrograph of 1.0 phr is displayed in Figure 
4.6.(a) and the corresponding EDS map of the area is shown in Figure 4.6(b).  For 5.0 phr ATO, 
the SEM micrograph and corresponding EDS map are in Figure 4.6(c) and (d), respectively. The 
EDS maps in Figure 4.6 (b) and (d) show the location of high concentrations of tin, which is the 
most distinguishing element that makes up the  ATO.
113
  The red/dark regions in Figure 4.6 (c) 
and (d) are these concentrated regions of tin, which match the bright areas in Figure 4.6 (a) and 
(b)
113
.  The bright areas in Figure 4.6 (a) and (c) are the regions that are believed to be where all 
the ATO was segregated to.  There also appears to be some slight coloration inside the glass 
particles.  It is believed that this is mostly noise and possibly some ATO located beneath the 
particles.  Numerous point scans of these areas, such as the ones in Figure 4.5(c) also indicates 
that these slight colorations inside the glass particles is just noise. 
 While SEM and EDS were able to confirm the location of the ATO at the boundaries, it is 
important to identify how much coverage the ATO has at these boundaries.  Based on this 
processing method, the ATO should be located at the edges and triple points, but even with 
composites made using a similar process there is also the chance that the ATO could be located 
at the faces of the glass particles.  In Figure 4.7(a) there is a schematic of a tetrakaidecahedron 
typically used in sintering models.  Due to the processing method used, the glass goes from 
spherical shaped to a faceted polyhedral, similar to the tetrakaidecahedron.  An ideal formation 
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in these composites is in the ATO is located at the gaps located at the boundaries (Figure 4.7 (b)) 
and not on the faces like in Figure 4.7 (a).  
 
Figure 4.6. (a)  SEM micrograph of 1.0 phr ATO (set#2) and (b) the same region but detecting 
the high concentrations of tin (red/dark regions). (c) SEM micrograph of 5.0 phr ATO (set#2) 





 Since the glass particles are transparent, a more convenient way to confirm the exact 
location of the ATO particles is to use optical microscopy. By either using a stereographic 
microscope and changing the depth of field on individual particles in the composite, the exact 
location of the ATO can be seen.  An example of this technique is shown in Figure 4.6(c-d) with 
the 10phr sample from set #3 at different depths of field.  The images shown here were taken 
with the larger glass (GL0179L) particle size because it is easier to see through these glass 
particles with the optical microscope and take an image.  While some of the depth of the image is 
 62 
lost when converting it to a 2-d image, the glass particle can be still resolved.  The top of the 
particle is shown in Figure 4.7(c) and the bottom of the particle is shown in Figure 4.7(d).  At the 
bottom is one of the edges of this faceted glass polyhedron and the ATO can be seen to be 
located all along the edge. Based on the contour of the glass particle from the optical images, the 
glass does have a polyhedral shape similar to Figure 4.7(b). This was also confirmed with sets#1 
and #2 in the stereographical microscope, which is not shown here because the microscope did 
not have a camera and pictures were not able to be collected. 
 
Figure 4.7. (a) Model of a tetrakaidecahedron that resembles the shape of the deformed glass 
particles in these composites. (b) Adapted image of a tetrakaidecahedron with added ATO 
located at the boundaries based on the evidence from optical microscopy.  Both images in (b) 
and (c) were modified from reference
20
. (c)  Optical micrograph of 10.0 phr ATO sample (set#4) 
and (d) the same region but the working distance of the microscope changed in order to focus on 
the bottom of the glass particle.  
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 The only time that ATO had a more complete coverage on the glass occurred when the 
glass particles did not deform during the hot pressing process.  These were rare and are likely 
due to the glass having a slightly different composition.   It is speculated that this was probably 
related to the amount of sodium in the glass.  The amount of sodium would change the viscosity 
and if the viscosity is too high, these particles wouldn’t deform as much. 
 
4.3. Confirmation of Electrically Conducting Network 
 Before the electrical properties are studied in further detail, it is important to confirm and 
identify the main conduction paths.  This way the cause of any substantial changes in the 
electrical properties can be correctly attributed to certain microstructural features. Based on the 
SEM micrographs presented in several of the previous figures, the ATO does seem to be 
percolated, which also means it should be electrically conducting.  There are indications of this 
when these glass composites are imaged in the SEM when not using the variable pressure SEM 
or a coated specimen.  In Figure 4.2 (e and f), it can be seen that inside of the glass particles 
charging was occurring. This is expected since the glass is highly insulating.  Towards the edge 
of the glass particles this charging dissipates so it appears that the ATO network is preventing the 
charging to a degree, which can be attributed to an electrically conducting network. 
 A more precise method to confirm a percolated electrically conducting network is to use 
current atomic force microscopy (I-AFM).
6, 114
  An atomic force microscope (AFM, XE-100E, 
Park Systems, Santa Clara, CA) was used to obtain both topography and current images of the 
composite samples.  An applied bias was applied to the bottom of the composites and a current 
amplifier is attached to the cantilever. In Figure 4.8 (a) a schematic of the I-AFM setup is shown.  
Electrical current will go from the tip to the applied bias at the bottom of the composite if there is 
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a conducting pathway through the sample.  This particular method is quite useful in detecting 
percolated pathways and the electrically conductive regions in these composites.
6
  So for these 
ATO-glass composites, a high current signal should be detected when the AFM tip is in contact 
with a percolated ATO network.  In Figure 4.8(b) is a typical topography microstructure of these 
composites in the AFM.  In these images the dark regions are the ATO networks and the light 
regions are glass.  The same region is shown in Figure 4.8 (c) except it is in current mode.
110
  
The brighter/white regions are areas of higher current flow, which in order to have high current 
flow this network has to be percolated throughout the composite thickness as depicted in Figure 
4.8(a).
110
   
 
Figure 4.8. (a)  Schematic of I-AFM measurement of  an insulator-conductor composite 
containing percolated network paths.  (b) Atomic force topography micrograph of a 10.0 phr 
ATO-glass sample (Set#2).  The bar to the left of the image is the z-axis scale.  (c) Atomic force 




 Since the network is confirmed to be electrically conducting, it is important to know how 
conducting these networks are and if there is any influence on the concentration of ATO or the 
processing method (i.e. the differences in set#1 vs. set#2).  The electrical resistivity of these sets 
for all the compositions is shown in Figure 4.9.  The dc electrical resistivity values in Figure 4.9 
were obtained using the low frequency intercept of the real ac impedance and the geometry of 
the samples.  For set#1 (hot pressed at 550°C), the resistivity for the lower concentrations of 
ATO (~ 0.001-1.0 phr), the composite resistivity is lower than that of set#2 (hot pressed at 
675°C).  The onset of percolation is around 0.1 phr ATO since there is a large drop in the 
resistivity of several orders of magnitude after this composition.  The onset of percolation for 
set#2 is also around 0.1 phr but the resistivity at this composition was over an order of magnitude 
higher than the set#1 counterpart.  Past 0.1 phr for set #2, the drop in resistivity is much more 
dramatic than set#1 and the resistivity is lower than set #1 at concentrations of 2.5 phr ATO and 
higher.  There are several interesting behaviors at these concentrations, i.e. at 2.5 phr ATO and 
higher.  The first is the difference in resistivities between set#1 and #2.  Once a percolated 
network is formed, the resistivity for both sets is expected to be comparable.  However 
comparing these two sets demonstrates that the processing method must have had a significant 
influence on the electrical properties.  This is especially true for 5.0 phr ATO.  Even though this 
composition is well above percolation there is about a 3-4 order of magnitude difference in 
resistivity between samples in set #1 and set #2, which is a substantial difference.  This 
concentration for set #2 also had the lowest resistivity of all the composites made and, compared 
to the resistivity of pure borosilicate glass, is about 11-12 orders of magnitude lower in 
resistivity.  For concentrations above 5.0 phr ATO for set #2, the average resistivity increases 
which was unexpected.   
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 In order to help determine the disparities between the two sets as well as the increasing 
resistivity for the high compositions of set #2, several of the microstructures were compared.  
The microstructure for sets#1 and #2 for 2.5, 5.0, 7.5, and 10.0 phr ATO samples are compared 
in Figure 4.10.  For the lower compositions (2.5 and 5.0 phr ATO), the microstructures between 
the sets are similar with the glass particles taking on a faceted polyhedral shape.  For 7.5 phr and 
10.0 phr ATO in set #2 (Figures 3.9 (f) and (h)), the microstructure is very different compared to 
the microstructures in set#1 and for 2.5 phr and 5.0 phr ATO in set #2.  The glass particles are 
more flattened and the shape is much more random.  The boundaries are more curvy and less 
faceted compared to the other microstructures.  It is likely that these more tortuous boundaries 
are contributing to the increase in resistivity.  The cause of the disparity between 5.0 phr ATO 
with set#1 and #2 is not as clear, but it is important to understand the cause since the small 
differences in processing has led to a significant difference in the electrical properties between 
the sets when it is at a composition where there shouldn't be a large difference. 
 Understanding how the processing influences the ATO network and the overall electrical 
properties is very important in further design and optimization of these composites.  This will be 
the subject for the next couple of chapters. A strong focus will be made on the 5.0 phr ATO 




Figure 4.9. Comparison of the low frequency ac resistivity versus the concentration of ATO in 
ATO/glass composites for sets #1 and #2.
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Figure 4.10. SEM micrograph of 2.5  phr ATO set#1(550°C) (a) and set#2(675°C) (b). SEM 
micrograph of 5.0  phr ATO set #1 (c) and set #2 (d). SEM micrograph of 7.5  phr ATO set#1 (e) 
and set#2 (f). SEM micrograph of 10.0  phr ATO set#1 (g) and set#2 (h).  The hot pressing 








 At the end of chapter 4 it was shown that even after the percolation threshold  was 
reached, set #1(ATO(nm)-GL0179S hot pressed at 550°C) and #2(ATO(nm)-GL0179S hot 
pressed at 675°C)  had some large and unexpected discrepancies in the resistivities after 
percolation.  For both of these composite sets, the percolation threshold was around 0.1-1.0 phr 
ATO.  Past these concentrations of ATO, the resistivity dropped for both sets substantially (8-12 
orders of magnitude) but the difference in resistivity between the sets was quite large.  A large 
difference was unexpected because once percolation occurs, it is assumed the composites would 
converge to a low resistivity.  Instead, the sets had very different resistivities at concentrations 
past the percolation threshold and even had the resistivity increase with concentration.   
  These discrepancies and differences are shown in Figure 5.1 with the resistivities for 
ATO(nm)-GL0179S glass composites (set #1 and #2) at concentrations of 2.5 phr ATO and 
higher.  These concentrations presented in this figure are either at (2.5 phr ATO) or past(>5.0 phr 
ATO) the percolation threshold for sets #1 and #2.  Once percolation occurs, the resistivity 
between the two sets should be comparable and this behavior is shown with 7.5 phr and 10.0 phr 
ATO with the two sets.  The behavior at 5.0 phr however, acts very differently from what is 
expected during post-percolation.  Although percolation has occurred, the difference in 
resistivity between sets #1 and #2 is about 3-4 orders of magnitude, which is a substantial 
difference at this concentration.  The only difference between these two sets is the temperature 
processing parameter.   
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 The focus of this chapter will be on the various processing parameters that can influence 
the composite percolated network and help explore the cause for these large differences and 
deviations from expected behavior.  Since 5.0 phr ATO exhibits large variation in the electrical 
properties, seemingly due to the processing, it is a prime candidate to study the influence of 
temperature, pressure, and other processing variables. 
 
Figure 5.1.  Resistivity curve for 2.5-10 phr for set#1 (ATO(nm)-GL0179S hot pressed at 
550°C) and #2(ATO(nm)-GL0179S hot pressed at 675°C). 
 
5.1. Processing Parameters that Influence Viscous Flow 
 
 The influence of processing, primarily temperature and pressure, on pressure-assisted 
sintering of glass can be seen in the viscous flow in pressure-assisted sintering and model in 
section 2.6.1.  From the viscous flow in pressure-assisted sintering model, the two primary 
factors are the viscosity, controlled by the temperature, and the effective pressure, which is 
controlled by the applied pressure.
75, 76
  The equations for the densification rate as a function of 
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viscosity and the effective pressure as a function of applied pressure were shown in section 2.6.1. 
A modified version of the model that describes viscous flow in pressure-assisted sintering,  
which combines the equations in section 2.6.1 and replaces the viscosity variable with the VFT 
equation, is presented below in equation (5.1).
75, 76
 


































    (5.1) 
 Where df/dt (1/s) is the densification rate, T is the temperature (K),
75
  PA is the applied 
pressure (MPa),  f is the fractional density (dimensionless [0 to 1]),  fo is the fractional green 
density (dimensionless [0 to 1]),
75, 76
 and A, B, and To are empirical fit parameters for the VFT 
equation.
69, 72
  The primary variables in this equation are the temperature (T) and the applied 
pressure (PA) . The particle size and particle size ratio of the materials involved can also be a 
factor in this model, since it can control the packing of the particles (fo).   
 
5.2. Influence of Temperature on the Electrical Properties 
 From equation 5.1., the temperature should have a large influence on the processing of 
the composite since it controls the viscosity of the glass, which controls viscous flow.  The 







 A more precise method to estimate these viscosities at this temperatures is to use the VFT 
equation, shown in equation 2.2 in section 2.6, and the empirical fit values for Pyrex® (A= -2.37, 
B = 8077, and To = 282).
115
 These viscosities from the VFT equation at  550°C and 675°C are 
about 3.6 x 10
12
 and 5.7x 10
9
 Pa·s, respectively.  In order to study the influence of temperature 
on the electrical properties, an additional temperature set at 610°C (set #1-T) and a viscosity of 
~1 x 10
11
Pa·s was investigated for samples made with 5.0 phr ATO.  Shown in Figure 5.2 is the 
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heating curve for this additional temperature study.  For all of the temperature studies, the 
pressure was held constant at 23.4 MPa.    
  
 
Figure 5.2. Heating and pressure curve for ATO(nm)-GL0179S glass composites for sets #1 
(550°C peak temperature), set #1-T (610°C peak temperature hold), and set #2 (675°C peak 
temperature hold).  All sets had a maximum pressure of 23.4 MPa applied during the peak 
temperature holds (shown by the dotted line). 
 
 Using these three temperature sets and the constant pressure of 23.4 MPa, the different 
densification rates for each set are presented in Figure 5.3.  For this model, the values for the 
fractional density (f) were derived from the displacement of the ram during hot pressing, and an 
assumption was made that the starting fractional density (fo) was 0.60 and the final fractional 
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density was 1.0.  From this model, the influence of varying the temperature plays a significant 
role towards the end of the processing (~2,500 seconds and higher).  At this point in the 
processing, the composite typically has densified to about 90% relative density or higher, so it 
seems that changing the peak temperature will likely primarily influence how the composite is 
further consolidated once the ATO networks have already been formed. 
 
Figure 5.3. Densification rate, based on equation 5.1, as a function of time and temperature for 
composites hot pressed at 550°C (set #1), 610°C (set #1-T), and 675°C (set #2).  
 
 The average relative density for samples in set #1-T (ATO(nm)-GL0179 hot pressed at 
610°C) containing 5.0 phr ATO was 98.89% ± 0.14%.   The densities for these composites were 
quite high, which was expected since set#1 and set#2 both had high relative densities at this 
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composition.  Since the densities are comparable between all the sets, the electrical behavior 
should depend primarily on the ATO network.   
 Shown in Figure 5.4 are the complex impedance (Z' vs. Z") plots for samples in sets #1 
(550°C), #1-T (610°C), and #2 (675°C) along with a representative SEM microstructure for each 
set.  The impedance has been normalized to the geometry of the sample.  Several differences are 
apparent in the electrical behavior for each composite set.  
 
Figure 5.4. Complex impedance for 5.0 phr samples for (a) set #1 (550°C), (b) set #1-T (610°C), 
and (c) set #2 (675°C).  All sets were made at a constant pressure of 23.4 MPa.  Corresponding 




  Figure 5.4(a) shows the complex impedance  for set #1 (hot pressed at 550°C) and it can 
be seen that the impedance is the highest for this set.  The impedance is also entirely in the first 
quadrant (Z' and -Z") which is due to a combination of resistive and capacitive behavior.
92
  A 
detailed approach to fitting an equivalent circuit model to each impedance response will be 
discussed in the subsequent chapter.  For set #1-T (610°C) the impedance starts to exhibit a 
change of behavior from set #1(550°C), which is shown in Figure 5.4(b).  Not only is the 
impedance smaller, but it is also more suppressed along the Z" scale, which suggests that the 
impedance is primarily influenced by a resistive element with some contribution from a 
capacitor.
91, 92 
There is also some inductance behavior in one of the samples (set #1-T top), which 
can be seen as the tail of the data extending into the fourth quadrant (Z' vs. Z").
92
 Such behavior 
have been characteristic of a percolated conducting network.
41, 92, 116  
 
For set#2 (675°C), in Figure 5.4(c), all of the samples have impedance characteristics in 
both the first and fourth quadrant.  The most conducting sample (bottom) can be modeled 
primarily using inductance and resistive behavior.  So the general trend when increasing 
processing temperature is that the complex impedance changes from resistive and capacitive 
behavior to resistive and inductive behavior.  Figure 5.4(d-e) shows the typical microstructure 
seen for each of these sets.  The faceted microstructure previously presented is apparent in all 
three microstructures.  As the temperature increases, the glass particles are slightly more rounded 
at the edges, but between the sets, the microstructure still appears to be similar at a macro scale.  
From the impedance data, it is known that these composites exhibit different behavior, so it is 
likely that there are some differences in the microstructure of the ATO network that is causing 
the electrical behavior differences observed. 
 76 
 The differences in behavior can be summarized by the resistivity curve as a function of 
temperature, shown in Figure 5.5.  As mentioned before with the complex impedance, as the 
temperature increases, the resistivity of the composites decreases once percolation has occurred.  
The highest temperature also seems to have the most variability of all the sets. 
 
Figure 5.5.  Resistivity curve for 5.0 phr ATO(nm)-GL0179S as a function of hot pressing 
temperature used during processing.   
 
 
 All of these samples were subjected to a 550°C hold prior to reaching the maximum 
temperature and both the model (equation 5.1) and the actual displacement recorded during hot 
pressing shows that most of the densification and compaction occurs during the first hold at 
550°C.  An example of the typical fractional density during processing is presented in Figure 5.6. 
For the additional hold at 610°C and 675°C for set#1-T (610°C) and #2 (675°C), respectively, 
there is some additional densification at these temperatures but most of the composite has 
already been consolidated by this point. As the temperature increases, the densification rate 
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increases due to a lower viscosity even though the overall effective pressure is lower due to a 
high fractional density at this point.  This increase explains how the temperature can have a large 
influence on the formation of the ATO network even during the late stages of the pressure-
assisted sintering.  From the high resolution images presented in Figure 4.4(b) of the ATO 
network, it appears that this additional hold is likely resulting in some penetration of glass into 
the ATO network. Although this penetration is occurring, the ATO network is still becoming less 
resistive with temperature.  
 
Figure 5.6. The typical fractional density of set #2 composites as a function of temperature and 
time. 
 
 The temperature dependence behavior of the segregated network composites in these 
glass composites presented here is quite different from the behavior of polymer composites when 
the matrix material penetrates into the network.
55, 56
  Typically, with the intrusion of the polymer 
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matrix beginning to disrupt the percolation networks in the composites, the resistivity increases 
with increasing temperature.
55, 56
 The more fluid the polymer is, the more it is able to flow in-
between the filler particles and disrupt the network.  While this seems to partially occur with the 
glass composites at the higher temperatures (675°C), the resistivity still decreases because the 
microstructure is different.  The processing temperature used to create these glass composites is 
also significantly higher compared to polymer composites.  With these glass composites, there is 
the factor that with the higher processing temperature, the inorganic filler particles can 
potentially react or sinter, which typically isn't the case with polymer composites since the 
temperature used is relatively low.   
 
5.3. Influence of Pressure on Electrical Properties 
 Since temperature was shown to have an influence on the electrical properties for the 
same composition, it is important to investigate the influence of the other major parameter when 
hot pressing glass, which is the pressure.  The use of applied pressure in these composites is 
essential since the additional force used contributes to the segregation effect at the glass 
boundaries.  For the pressure study, the peak temperature was held constant at 675°C and the 
pressure was varied from 23.4 MPa to 5.8 MPa.  The pressure was not increased beyond 23.4 
MPa due to issues with the graphite dies cracking during processing.  The heating curves for this 
study are shown in Figure 5.7.  It appears that even with the low pressure of 5.8 MPa, the 
pressure was enough to consolidate these composites since the relative density, shown in Table 
5.1, were still high and very similar to all of the other sets.   
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Figure 5.7. Heating and pressure curve for ATO(nm)-GL0179S glass composites for sets #2-P1 
(5.8 MPa), set #2-P2 (11.7 MPa ), and set#2 (23.4 MPa).  All sets were exposed to a maximum 
temperature of 675°C applied during the peak temperature holds (shown by the solid lines). 
 
Table 5.1. Average Relative Densities for Specimens Containing 5.0 Phr That Were Processed at 
Different Pressures at 5.8 MPa (Set #2-P1), 11.7 MPa (Set #2-P2), and 23.4 MPa (Set #2). 
Set # Relative Density-Archimedes 
2-P1 98.82 ± 0.29  
2-P2  98.64 ± 0.14 
2 98.70 ± 0.08 
 
 Since the applied pressure is the other key parameter in the densification model in 
equation 5.1, it is important to show how it can influence the processing.  The densification rate 
for all three cases is shown in Figure 5.8. The overall effective pressure, shown in equation 2.3,  
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is dependent on the applied pressure and the fractional density.  At lower fractional densities, the 
higher the effective pressure will be, so a reduction in pressure will be more significant during 
the earlier stages of hot pressing when the composites have a low fractional density. This is what 
is shown in Figure 5.8, where the densification rate is initially much lower than the rates shown 
in Figure 5.3.  As the temperature reaches its peak, which occurs at about 2,500 seconds and 
higher, the densification rate from the model increases much more rapidly due to the lower 
viscosity.  Based on this, it appears that the composite consolidates at a later time compared to 
the sets in the temperature study, which can influence the behavior of the electrical properties. 
 
 
Figure 5.8. Densification rate for 5.8 MPa (Set #2-P1), 11.7 MPa (Set #2-P2), and 23.4 MPa 




 Figure 5.9 shows the complex impedance and corresponding microstructures for the 5.0 
phr samples made at these different pressures.  Even though these composites likely consolidated 
at different times when compared to the temperature study, this pressure study exhibited similar 
electrical behavior to those samples, whose complex impedance was presented in  Figure 5.4.  
The impedance at the lowest pressure, shown in Figure 5.9(a), is entirely in the first quadrant and 
has an impedance almost as high as a composite made at 550°C (see Figure 5.4(a)).  As the 
pressure is increased to 11.7 MPa, the impedance, shown in Figure 5.9(b), decreases and starts to 
exhibit some behavior in the fourth quadrant.  This is very similar to the behavior of the 
composites at 610°C (Figure 5.4(b)).  At the maximum pressure of 23.4 MPa in Figure 5.9.(c) 
the impedance is quite low and has shifted to primarily the fourth quadrant.  The microstructures 
of samples made at these pressures and shown in Figure 5.9( e-f) do have some differences 
compared to Figure 5.4. (e-f), which is likely related to when consolidation occurred during hot 
pressing.  For the 5.8 and 11.7 MPa samples, the glass particles are not as faceted and are more 
rounded along the edges.  Since they are more curved along the edges, these particles likely did 
not deform even though they were all sintered at 675°C. This supports the model presented in 
Figure 5.8 since at lower pressures, the densification rate is much lower compared to 23.4 MPa.  
  The densification rate is representative of the viscous flow in these composites so with 
less viscous flow, the glass particles are less likely to deform.  For several polymer composites, a 
decrease in pressure has benefitted the electrical conductivity due to a decrease in the viscous 
flow.
21
  For many polymer composites, a lower pressure often resulted in less penetration of the 
filler into the polymer matrix, which would decrease the conductivity if this occurred.
21
  In some 
cases a higher pressure led to better lower resistivity due to better packing of the filler
55
, but once 




 For glass composites described here the opposite is seen even though there is 
evidence of the glass penetrating into the filler network.  It seems that with the glass composites 
there are other variables that are contributing  to the overall electrical properties that can 
compensate for this penetration of glass into the network. 
 
Figure 5.9. Complex impedance for 5.0 phr samples for (a) set #2-P1, (b) set #2-P2, and (c) set 
#2.  All of these samples were made at a constant peak temperature of 675°C.  Corresponding 




 Both the temperature and pressure dictated the compaction of the ATO, which as a result, 
influenced the contact between ATO particles.  The type and extent of contact between particles 
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is referred to as quality of contact, and depending on this quality of contact the electrical 
properties can vary.
50, 117
  This has been observed in other insulator-conductor composites 
depending on the method of processing.
48, 118
  Since it appears that the quality of contact inside 
the ATO network can heavily dictate the overall electrical properties, it is important to 
investigate other variables that can possibly control the percolation network.   These variables 
include particle size ratio and filler particle shape.   
 
5.4.  Influence of Particle Size Ratio on Electrical Properties 
 The particle size ratio between the matrix and filler particles is one of the largest 
influences in the creation of  a segregated percolated network.
1, 16, 24, 25, 28, 40, 119
  The primary 
influence it has is controlling the concentration of filler particles at which the percolation 
threshold occurs.  Typically, the larger the disparity between the matrix particle and filler 
particles, with the filler particles as the smaller of the two, the lower the percolation threshold. 
1, 
4-6, 16, 24, 25, 40, 49, 119
   This is because the larger particles create larger excluded volume in which 
the filler can't occupy so it is segregated to the surfaces of the larger matrix particle.  The particle 
size ratio can also influence the densification in pressure-assisted viscous sintering, since it can 
influence the packing of the particles(fo), which was shown in equation 5.1.
76
   
 Additional composites were fabricated by varying particle size ratios between the glass 
and the ATO. The same processing parameters were used for set #2, which was a peak 
temperature of 675°C and a peak pressure of 23.4 MPa. The heating curve was given in Figure 
4.1.  The additional sets used in this study had a particle size ratio of  ~3500:1 (set #3) and 
~25:1(set #4) with the glass being the larger particle in both.  Set#1 and #2 had a particle size 
ratio of ~700:1.  Listed below in Table 5.2 are the compositions for sets #3 and #4 used for this 
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study along with the relative densities after hot pressing.  These relative densities are quite high, 
which is expected since the heating procedure used produced close to fully dense composites 
with set #2 (see Table 4.1 in Chapter 4).   
Table 5.2. Concentration of ATO and Relative Densities for Set #3 and #4 After Hot Pressing. 
ATO Concentration (Phr) 
Relative Density (%)  
Set #3 
Relative Density (%) 
Set #4 
0.001 99.81 ± 0.09 99.74 ± 0.05  
0.01 99.65 ± 0.12 99.63 ± 0.25  
0.1 99.37 ± 0.04 99.59 ± 0.12  
1.0 99.82 ± 0.16 98.63 ± 0.22  
2.5 99.54 ± 0.14 95.96 ± 0.09  
5.0 99.63 ± 0.24 99.19 ± 0.57  
7.5 99.53 ± 0.41 97.80 ± 0.27  
10.0 99.62 ± 0.52 97.66 ± 0.52  
 
 Based on several percolation size models,
1, 28, 40, 42, 119
 the percolation threshold for set#3 
should be much lower than that of set #1 and #2. Set #4 should have the highest percolation 
threshold of all the sets.  The actual percolation curves based on the electrical resistivity for set 
#3 and #4 are shown in Figure 5.10.  The resistivity for set #2 is also included for comparison.  
Even though set #3 had a particle size ratio about five times higher than set #2, the percolation 
threshold for set #3 is around 1-2.5 phr ATO, which is actually a little bit higher than the 
percolation threshold in set #2, which was around 0.1-0.25 phr.  Past the percolation threshold 
for set #3, the resistivity continues to decrease and the resistivity at the highest concentration, 10 
phr, is the lowest of all the sets at that concentration. The percolation threshold for set #3 is 
unexpectedly high and will need further examination. An examination of the microstructure at 
the concentrations near the percolation threshold, shown in Figure 5.11 provides some details as 
to the potential cause for this. 
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Figure 5.10. Resistivity, obtained from the real impedance low frequency intercept, for various 
particle size ratios of glass:ATO composites.  
 
 
  From Figure 5.11(a) and (b) the potential cause in the higher-than-expected percolation 
threshold can be seen.  At 1.0 phr ATO, shown in Figure 5.11(a), the ATO network seems to be 
broken up by voids that are also at the interface.  As a result, the resistivity for this concentration 
is over 10
10
 Ω·cm which is quite high for these composites.  At the next highest concentration, 
2.5 phr ATO, the percolation threshold has been reached.  In Figure 5.11(b) the voids that were 
prevalent in (a) are gone so it seems that ATO networks are forming.  There seems to still be 
breaks in the network due to varying concentrations of ATO, which is likely contributing to the 
variations in resistivity.  For the higher concentrations, shown in Figures 5.11(c) and (d), the 
ATO networks have fewer of these breaks and they are overall thicker on average.  As a result, 
the resistivities are lower. 
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Figure 5.11. SEM micrographs for (a) 1.0, (b) 2.5, (c) 5.0, and (d) 10.0 phr ATO(nm) for Set#3.  
 
 In order to verify that the microstructures in 5.11 are indicative of the entire composite, 
several different magnifications of the same microstructure (5.0 phr ATO for set #3) are shown 
in Figure 5.12.  From this figure, it can be seen that the microstructure is consistent throughout 
the composite.  It can also be seen at the higher magnifications that even for a high concentration 
such as 5.0 phr ATO, there are breaks in the network due to variations in the concentrations of 
ATO.   
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Figure 5.12. Several different micrographs for 5.0 phr ATO/large glass specimen from set #3 
taken at different magnifications.  
 
 While set #4 has the smallest particle size ratio (~25:1) for all the ATO composites, the 
percolation threshold based on a model of particle size ratio on the continuity of aggregates 
(percolation) should be at about 3-5 vol% filler. 
1, 28, 40, 42, 119
 From Figure 5.10, this model 
prediction is fairly accurate for this composite set since percolation seems to occur at around 7.5-
10 phr ATO, which is equivalent to ~2.5-3.5 vol% ATO.  The percolation threshold for set #4 is 
likely slightly lower than what is predicted due to the additional segregation from the processing 
method since the model relies on just the particle size difference to account for percolation.
28, 119
  
This segregation can be seen in the microstructures presented in Figure 5.13.  The ATO particles 
are the brighter regions in this composite, but at first glance the microstructure appears to be 
different from the ones in sets #1-3.  A reason for this difference is likely due to the size of the 
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ATO used in this case (micron range rather than nanometer).  Since the ATO is larger in this 
composite, the ATO is likely easier to remove during polishing since the glass isn’t holding the 
ATO together as well.  It can be seen in both images that there are gaps at the edges of the glass 
particles, which were likely occupied by ATO particles before they were removed during 
polishing.  Using these gaps, it can be seen that this composite is near the percolation threshold.  
While it is partially percolated on the surface, it is hard to distinguish ATO below the surface 
gaps, which indicates that these composites aren't as interconnected through the thickness of the 
composite.  This results in a high resistivity which eventually decreases when the ATO 
concentration reaches 10 phr. 
 
Figure 5.13. Several different views of the same microstructure for 7.5 phr set #4.  
 
5.5. Influence of Particle Shape on Electrical Resistivity 
Since the temperature, pressure, and particle size have all shown unexpected results based 
on the typical behavior in polymer composites, it is important to also examine the particle shape.  
Also since this processing method should in theory be applicable to a broad range of filler types, 
it is important to see if this method can be applied to a filler material other than ATO.   For this 
study, silicon carbide whiskers (SiCw) were used instead of ATO. 
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The compositions made for this study, set #5, are listed in Table 5.3.  This composition 
set focused more on higher concentrations since it was predicted that these composites would 
require higher amounts of SiCw, based on other composites containing this material.
48-50, 53, 117
 
Also listed in this table are the relative densities after hot pressing.  The hot pressing conditions 
were the same as those used for set #2-P2 (11.7 MPa hot pressed at 675°C) from Figure 5.7. 





Relative Density (%) 
Phr Vol % 
1.00 x 10
-3
 1.10 x 10
-3
 99.78 ± 0.02 
1.00 x 10
-1
 1.10 x 10
-1
 99.85 ± 0.09 
2.50 x 10
-1
 2.73 x 10
-1
 99.37 ± 0.04 
2.50 x 10
0
 2.63 x 10
0
 98.43 ± 0.49 
5.00 x 10
0
 5.20 x 10
0
 97.88 ± 1.59 
7.50 x 10
0
 7.60 x 10
0
 95.43 ± 0.29 
1.00 x 10
1
 9.88 x 10
0
 94.10 ± 0.39 
1.25 x 10
1
 1.21 x 10
1
 93.81 ± 1.16 
 
Presented in Figure 5.14  are optical micrographs that show the typical microstructure of 
these composites containing SiCw.  It appears that the processing method also resulted in a  
microstructure that resembles the microstructures observed with ATO(nm) and glass 
microspheres with the ATO residing at the boundaries between the glass particles.
110, 112
 Even 
though this microstructure does appear to be similar to the ATO composites, there are a few 
large differences. One of these differences with the SiCw composites is that it appears that some 
of the whiskers are still on the faces of the glass particles as well as on the edges, while the 
ATO(nm) and glass composites in the other studies have formed networks almost exclusively on 
the edges.
110, 112
  This is likely due to the larger size of the whiskers as well as their shape, which 
make them harder to be segregated to the boundaries compared to the nanoparticles.  At the same 
time, the whiskers aren’t completely surrounding the glass since the glass would crumble if it 
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did. Instead, they form small whisker agglomerates.  These clusters of whiskers are likely the 
reason for the residual porosity, based on the relative densities in Table 5.3, in the higher 
composition composites since the glass likely can’t flow completely into these clusters.
111
 
 The other difference is that there seems to be some anisotropy between the parallel hot 
pressing direction ( || -HPD) and the perpendicular hot pressing direction ( -HPD)
49
 in the 
whisker composites. An example of this is shown in  Figure 5.15.  Both the perpendicular and 
parallel direction do have some of the whisker network along the glass boundary as well as what 
appears to be breaks in the SiCw network, which is likely a combination of both breaks in the 
network and the whiskers only being partially visible on the surface.   
 
Figure 5.14. (a) Optical micrograph of 2.5 phr SiCw/ Glass composite perpendicular to the hot 





 From both Figure 5.14 and 5.15, it appears that the whiskers are more visible and 
concentrated along the perpendicular direction than the parallel direction. This was commonly 
seen all over the microstructures of these composites.  Examples of this at other concentrations 
are shown in Figure 5.16. 
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Figure 5.15. (a) SEM  micrograph of 2.5 phr SiCw/ Glass composite perpendicular to the hot 
pressing direction.  An arrow is used to point towards some of the whisker networks.  The large 
gaps are due to glass particles that were pulled out during polishing, but from the shape it 
suggests a slight flattening of the glass particles. (b) SEM micrograph of 2.5 phr SiCw/ Glass 





    Along with what appears to be a higher concentration of whiskers, the glass particles 
particle shape also seems to have a dependency on the hot pressing direction. In Figure 5.15(a) 
and Figure 5.16 (d) the depressed indentations are areas where the glass was removed.  From 
these removed areas, the whiskers are quite visible, and for some of these, the shape of the glass 
particle appears to be slightly flattened, likely due to the uniaxial force during hot pressing.  
Some of this flattening along the ⊥-HPD direction can also be seen in Figure 5.14(a), while in 
Figures 5.14(b), 5.15(b), 5.16(a) and (c) the particle shape doesn’t appear to have caused as 
much of this flattening.
111
 
 Since there are whiskers along the glass boundary this would likely result in a noticeable 
change in the electrical resistivity.  The resistivity was estimated using the real part of the 
impedance, Z', at the low frequency intercept as has been described before.
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Figure 5.16. SEM micrographs for 0.25 phr SiCw along the (a) parallel and (b) perpendicular hot 
pressing direction.  SEM micrographs of 12.5 SiCw along the (c) parallel and (d) perpendicular 
hot pressing direction. 
 
Figure 5.17 shows the resistivity percolation curves associated with measurements taken 
with the electric field being applied parallel and perpendicular to the hot pressing direction.  
Typically with filler material that has a large aspect ratio, there tends to be some preferential 
orientation that occurs when a force is applied uniaxially during processing.
48, 49, 53
 For both 
directions; however, the onset of percolation was around 5-7.5 phr, which was in the same range 
for the percolation threshold obtained in hot pressed Al2O3-SiCw composites.
48
 The final 
resistivity at 12.5 phr is about 5-6 orders of magnitude less than that of a pure borosilicate 
glass.
72
   While this is not as large a drop in the resistivity as compared to the ATO segregated 
network system, which had a 12-13 orders of magnitude drop in resistivity, it is in the range that 
is expected with these whiskers, which are less conducting than ATO.  The resistivity values are 
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very comparable to the values that were reached with hot pressed Al2O3-SiCw composites.
48, 49
  
At the same time, the glass composites reported here were fabricated at the third of the hot 
pressing temperature
48 
and at about a fraction of the time it takes to hot press the Al2O3-SiCw 
composites.   
While there was a slight difference in the resistivity, with the  -HPD direction having a 
slightly lower resistivity, the difference was not that large and not what was expected with filler 
particles that have a large aspect ratio.  This is likely due to the processing temperature being 
quite low, so the glass was not nearly fluid enough to allow for the whiskers to rearrange 
perpendicular to the hot pressing direction.  Instead, they were segregated and had a more 
random distribution at these segregated areas.  The small difference detected is likely due to the 
slight flattening of the glass particles in the hot pressing direction and the slightly higher 
concentration along the  -HPD direction.  Because of this flattening, the percolation network 
would be expected to be less tortuous in the  -HPD direction, which could account for the small 
difference in the resistivity.
111
  From these removed areas in Figure 5.15(a) and 5.16(c) and (d) it 
can be seen that the whiskers are random in their orientation along the glass boundary, which 
accounts for why the network isn’t as visible in the SEM since whiskers that are either arranged 
vertically or at an angle and would likely penetrate onto the surface while other whiskers are 
likely just below.
111 
 A more in-depth discussion of the impedance spectroscopy results and how 
the network influences the electrical properties will be provided in the next chapter. 
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Figure 5.17. Log Resistivity vs. log composition (phr) of SiCw/borosilicate glass composites and 
the large drop in resistivity characteristic of percolation.  Results measured along the 





 From all these processing variable studies, the influence that the processing has on the 
resulting segregated network has been presented. It appears that the quality of contact between 
the ATO or SiCw filler inside these percolated network heavily influences the electrical 
properties of the composite.  Non-ideal contact likely varies from a mix of physical contacts and 
partially sintered contacts.  Compared to many percolated polymer composites made by a variety 
of methods, this hasn't been reported as a strong factor in the electrical properties. So processing 
at these elevated temperatures has included another variable in controlling the electrical 
properties.  The next chapter will provide a  discussion on the influence of how these processing 




IMPEDANCE SPECTROSCOPY ANALYSIS OF NETWORK FORMATION 
 
 All the composites fabricated in this study resulted in percolation of segregated filler 
networks, which shows the flexibility and potential of this processing method through 
controlling the particle size and viscosity during hot pressing.  Since several variables were 
examined in this study, the percolation threshold and composite resistivity exhibited a range of 
behaviors.  This variability is due to small differences in the percolation network of similar 
samples that are affected by the interfaces, such as those between filler particles that exist in this 
network.  Since this processing method allows for a range of temperatures and pressures to be 
used to fabricate a percolated composite, this method has the potential to create a large variety of 
interfaces between filler.  This range of potential interfaces can result in a variety of electrical 
properties, so it is important to understand how the processing influences the filler interfaces, 
their interaction, and resulting electrical properties.  A way to help further understand the cause 
of this variability and the potential interfaces is with an in-depth impedance spectroscopy 
analysis and equivalent circuit fitting. 
 Schematics of some of the potential interfaces that can arise in these types of composites 
due to the various processing temperatures and pressures used are shown in Figure 6.1.  At lower 
temperatures, it is expected that the composite would have physically contacting filler, which is 
often the type of contact in segregated percolated polymer composites.
4, 17, 22, 116
 At relatively 
high temperatures the glass is much more fluid so it is much more likely to penetrate the filler 
network resulting in either tunneling, like in thick film resistors, or an insulating glass barrier 
penetrating the network.
17, 27, 64, 66, 116, 120-122




With these glass composites, the potential also exists for the interfaces to be partially sintered, 
fully sintered, or sintered with residual porosity due to the higher temperatures involved.  Figure 
6.1 depicts several potential equivalent circuit models for the expected impedance behavior at the 
interface.  From these schematics, many of the potential interfaces could appear to have similar 
impedance and equivalent circuit behavior.  In order to help decipher the difference in the 
impedance and electrical property behaviors, it is first important to examine them independently, 
such as whether they are physically touching filler or sintered filler.  It is also important to obtain 
the impedance and electrical properties of the materials involved.  All of these impedance 
behaviors of the materials and interfaces will provide details on the creation of an accurate 
equivalent circuit model that describes the microstructure and processes in these composites and 
percolated networks.  
 
Figure 6.1. Schematics of the possible filler interfaces in these composites along with their 







6.1. Estimation of the Material and Interface Impedance for ATO 
 Before the impedance behavior of the various glass/ATO composites can be modeled, an 
estimate of the electrical properties of the filler particles is needed to create as accurate of an 
equivalent circuit model as possible, as well as determine the type of interfaces that are dominant 
in a given sample. In order to get a sense of the expected resistances and impedance behaviors 
once the composite has percolated, the impedance of the filler itself was measured.  Since both 
ATO and SiCw are difficult to get in a bulk form
13
, a method was developed to measure the 
impedance of the particulate filler using a custom die.
126
  By adjusting the applied pressure, the 
particle point contact resistances can be minimized so the impedance behavior will be material 
dominated.  This method will be useful to act as a baseline in which the composite behavior can 
be compared to.  The dry pressing impedance will provide an estimate of the impedance behavior 
of the ATO material as well as the influence of a physical point contact between ATO particles 
can have on the impedance response.  The same is true for the SiCw.  
6.1.1. Dry Pressed Impedance of ATO(nm) 
 Since ATO(nm) hot pressed at 550°C did not seem to sinter at all, the behavior of the dry 
pressed ATO should provide a good estimate of the ATO behavior in set #1 as well as potentially 
set #2.  Figure 6.2(a) shows the complex impedance for dry pressed ATO(nm) at pressures 
ranging from 5 MPa to 250 MPa.  For all of these pressures, the complex impedance of the 
pressed powder samples all reside in the fourth quadrant, which based on this and the other 
immitance functions, suggests the complex impedance can be fit with a resistor and an inductor 
in series.  As the pressure increases, the equivalent circuit type stays the same, the main 
difference is that the resistance decreases as the pressure increases.  The inductance also slightly 
increases but the main influence of the pressure is the change in the resistance.  This can also be 
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seen for the sample pressed with 5 MPa.  At the low frequencies, there is some variance with the 
low frequency intercept of the real impedance, which is likely due to fluctuations in the contact 
resistance due to the low pressure and the movement of ATO particles.  As the pressure increases 
this variance decreases.  So it appears that with a physical contact, the influence on the 
impedance is primarily the location of the Z' intercept.  This can especially be seen in Figure 
6.2(b) which is a frequency dependent, or Bode plot, of the impedance magnitude (Z*).  An 
estimate of the resistance can be made by taking the low frequency value at 0.1 Hz. From Figure 
6.2(b) the resistance ranges from about 10
3 
Ω for loosely compacted ATO at no pressure to 10
-1
 
Ω at 250 MPa. This is a large range in the electrical properties for the same material.  It appears 
that the amount of contact for physically touching particles can cause a wide range of resistances. 
All the fit parameters for the various pressures shown in Figure 6.2 (a) are listed in Table 6.1.  
From this table, the decrease in the  resistance due to ATO contacting particles can be seen.  An 
expected intra-particle or material impedance of the ATO can be estimated by the highest 
pressure impedance at 250 MPa. 
 
Figure 6.2. (a) Complex impedance of dry pressed ATO(nm) at select pressures.  (b) Impedance 




Table 6.1. Equivalent Circuit Fits for Dry Pressed ATO(nm) at Various Pressures. 
 
 The complex impedance of the loosely compacted ATO subjected to no pressure is 
shown in Figure 6.3.  This impedance is shown separately from Figure 6.2(a) since the 
impedance is substantially larger and the impedance behavior is located in a separate quadrant 
(first).  Instead of having series RL behavior, the complex impedance shows that the samples 
behaves as a resistor and capacitor in parallel (parallel RC) that is in series with a second parallel 
RC. For this fit and the subsequent fits, a constant phase element (CPE) will be used instead of a 
capacitor to account for some variation in the capacitance.
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  This is based off the semicircular 
behavior in the Z' and -Z" quadrant and the behavior in the other immitance functions (not 
shown).  The equivalent circuit fit for this behavior is also shown in Figure 6.3. Overall, it 





and have a capacitance with loosely touching ATO and an inductance with tightly compacted 
ATO.  The intra-particle or material impedance seems to behave as an inductor and resistor in 
series with a resistance around 0.05 Ω. 
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Figure 6.3. Complex impedance of dry pressed ATO(nm) at no applied pressure.  The ATO was 
loosely compacted. 
 
6.1.2. Impedance of Hot Pressed ATO(nm) 
 The dry pressed ATO(nm) does provide a good estimate of the material and physical 
contact behavior of this filler, but it would also be informative to have a measurement of just the 
hot pressed ATO(nm).  The hot pressed ATO samples made at 675°C would help show if these 
particles had reacted or had  partially sintered with one another, with resulting influence on the 
impedance.  For the ATO(nm) that was hot pressed at 675°C, the complex impedance behavior 
had some differences compared to the dry pressed ATO(nm).  From Figure 6.4, one can see that 
the complex impedance for the hot pressed ATO(nm) samples  was also in the fourth quadrant, 
similar to the high pressure impedance of the dry pressed ATO, but the complex impedance had 
much more curvature compared to the behavior of the dry pressed ATO (nm).  This curvature is 









Figure 6.4. Complex impedance for hot pressed ATO(nm). 
 
 
 The complete circuit is similar to the dry press circuit with the addition of a resistor and 
capacitor in parallel.  The resistor (R1) contains the ATO(nm) resistance, which was estimated at 
around 0.05 Ω from the previous section, and a particle contact resistance which was relatively 
quite high.   Since these resistors were in series they consolidated to the value in R1 (~336 Ω). 
The ATO(nm) did not exactly consolidate well (only had 60-70% relative density) which helps 
explain why this  impedance (R1) was much higher than expected.  Sintering of bulk ATO has 
been reported to be extremely difficult by several investigations. Methods apart from spark 
plasma sintering (SPS) have reported difficulties in sintering due to nondensifying 
mechanisms.
13
  For the values with the parallel RC (R2 and C1) in the equivalent circuit fit, the 
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value of the capacitance (C1) in this circuit was negative.  Negative capacitance is a phenomenon 
that has been reported to occur in numerous types of materials and composites
127-129
, including 
glass composites containing antimony-doped tin oxide.
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 For this study, the possible processes 
to explain this negative capacitance will not be discussed in detail.  The reason it is mentioned 
here is to help show a characteristic behavior of the hot pressed ATO, so that in more complex 
impedance fits, this distinguishing behavior of hot pressed ATO can be described with a negative 
capacitance.   
6.1.3. Impedance of Hot Pressed Borosilicate Glass (GL0179) 
 Now that the expected behavior of the conducting materials has been established, the 
insulating behavior should also be examined.  Figure 6.5 shows the complex impedance of hot 
pressed borosilicate glass (GL0179).  The entire impedance is within the first quadrant (-Z" and 





 Hz) measured, and as a result does not result in a low frequency 
intercept.  In order to estimate the expected resistances and capacitance of the glass alone, an 
equivalent circuit was created using the curvature of the complex impedance curve.  The result 
was a high resistance (~1 x10
12
 Ω) and a capacitance in the picofarad range.  This resistance 
corresponds to a resistivity value ~10
13
 Ω·cm so this measured impedance seems to accurately 





Figure 6.5. Complex impedance for hot pressed borosilicate glass (GL0179).  
 
6.2. Development of An Equivalent Circuit Model for the Network Formation 
 From section 6.1, a range of behavior was shown with the glass, hot pressed ATO, and 
compacted ATO.  Based on the heat treatments, the impedance and equivalent circuit will likely 
involve a combination of these various material impedance behaviors.  This assumption is made 
on the relatively low hot pressing temperatures of 550 and 675° C and the pressure ranging from 
5.8-23.4 MPa.  Now that the material impedance behavior and some of the interfaces has been 
established, it is important to look at the composite microstructure to develop an equivalent 
circuit model.  An SEM image of an ATO network from set #2 (ATO(nm)-GL0179S hot pressed 
 104 
at 675°C) is shown in Figure 6.6.  This network exhibits several features.  The center of the 
network features a lot of removed ATO from polishing and grinding, so the ATO located at the 
core of the network was clearly held together loosely.  This suggests that the ATO located here 
had a physically touching or partially sintered interface.  In terms of equivalent circuit fitting, 
such a microstructure would lead to be a resistor and capacitor/CPE in parallel, based on the 
impedance behavior from Figure 6.3 and 6.4.  Since there is the possibility of multiple interfaces 
in this core network, the behavior of this core network will be estimated with a parallel R-CPE in 
series with another parallel R-CPE.  These two parallel R-CPEs will be designated with Rgrain1 
and CPEgrain1 for the first parallel R-CPE, and Rgrain2 and CPEgrain2 for the second parallel R-CPE.  
These two circuit elements can be seen on top of the core of the ATO network in Figure 6.6.  The 
ATO network in Figure 6.6 also had some different behavior along the edges.  There was little to 
no material removed at these edges, which indicates that the ATO here is more tightly held 
together to withstand all the grinding and polishing.  This is likely due to glass penetrating into 
this network.  This is supported by the fact that the networks hot pressed at a peak of 675°C had 
thicker boundaries like this compared to the ones hot pressed at just 550°C.  Since there is a large 
amount of glass intermixed with the ATO, an interface with a glass barrier such as the one in 
Figure 6.1 is quite likely.  For this interface, the glass behavior will dominate so it is estimated 
that the impedance behavior will be similar to the hot pressed glass from Figure 6.5, which could 
be modeled with a parallel R-CPE.  Since this edge behavior is not part of the core of the ATO 
network, this impedance behavior will be in parallel with the two series parallel R-CPEs.  This is 
shown in Figure 6.6(a) with the glass/ATO boundary designated with a parallel R-CPE with 
Rglass and CPEglass.   
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Figure 6.6. (a) Equivalent circuit model basis using the microstructure of an ATO network (2.5 
phr ATO(nm)-GL0179S hot pressed at 675°C) along with schematics of the possible circuit 
elements that are present in this network.  (b) Proposed equivalent circuit using the 
microstructural features in (a) and the impedance behavior/models in Figure 6.3-6.5.  
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 The last part of this proposed equivalent circuit model is to account for the intra-particle 
or filler material behavior.  From the dry pressed impedance study in Figure 6.2, this behavior is 
likely a resistor and inductor in series, which for this model was denoted LATO and RATO.  This 
series RL was placed before the other circuit elements since any of these potential interface 
behaviors will also include the material behavior.  The assembled equivalent circuit model is 
shown in Figure 6.6(b).  This circuit will be applied to the impedance behavior to the composites 
containing ATO(nm) to help explain the development of the ATO networks and the change in 
the electrical properties.   
6.3. Application of Equivalent Circuit Model 
 
 In the previous section, an equivalent circuit model based on the microstructural features 
of the ATO network and the individual impedance behavior of the materials and interfaces 
involved was developed.  The next step is to apply this equivalent circuit model to the 
composites containing ATO(nm), particularly set #1 and #2, in order to help determine how the 
processing influenced the ATO network and electrical properties. 
6.3.1.  Equivalent Circuit Modeling of Set #1 
 The impedance behavior for sets #1 varied greatly depending on the composition of the 
composites.  A range of behaviors was observed at concentrations before percolation, during 
percolation, and after percolation. This variation in the impedance behavior can be seen in Figure 
6.7.  Figure 6.7(a) shows the impedance for 0.05 phr ATO, which is a composition before 
percolation.  For the pre-percolation composites, the impedance behavior had a large resistance 
and semicircular behavior in the first quadrant (-Z" vs. Z').  Applying the proposed circuit from 
6.6(b) to set #1 yielded interesting results.  From Figure 6.7(a) the equivalent circuit from Figure 
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6.6(b) was able to model the behavior for the pre-percolation composites.  The values for these 
fits are shown in Table 6.2. 
 
Figure 6.7. Complex impedance for (a) 0.05, (b) 1.0, and (c) 10 phr set#1 (ATO(nm)-GL0179S 
hot pressed at 550°C) with the applied equivalent circuit fits from Table 6.2 (shown as solid 




Table 6.2. Equivalent Circuit Fits For Set#1 (ATO(nm)-GL0179S Hot Pressed at 550°C). 
 
 For the pre-percolation range, which was from 0.001 to about 0.25 phr ATO the 
equivalent circuit fits all had a high resistance for both Rgrain1 and Rgrain2 in the equivalent circuit 
from Figure 6.6(b).  The corresponding capacitances, CPEgrain1 and CPEgrain2, for these resistance 
elements are around 10
-11 
F, which is close to that of the capacitance of the pure glass.  Based on 
this and the high resistance it appears that there are likely large regions of glass that are breaking 
up the ATO network.  During percolation, which was around 1.0 phr, a large drop in the 
resistance occurred.  This can be seen in both Figure 6.7(b) and Table 6.2.  From Figure 6.7(b) 
multiple impedance semicircles can be seen which supports an equivalent circuit containing 
multiple elements, such as the one being used to fit the data.  The equivalent circuit fits from the 
circuit in Figure 6.6(b) and Table 6.2 are shown with the solid line in Figure 6.7(b).  Examining 
the fit data shows that not only did the resistance drop for both Rgrain1 and Rgrain2, but their 
corresponding capacitances increased to about 10
-7
 F and 10
-9
 F respectively. These capacitance 
values resemble that of the loosely compacted ATO particles from Figure 6.3.  So during 
percolation it appears that the glass breaking up the network has primarily been replaced with 
loosely touching ATO particles with point contacts.  As the concentration increases to past the 
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percolation threshold (2.5 phr or higher) the resistance continues to decrease for Rgrain1 and Rgrain2 
but their corresponding capacitances remain relatively the same around 10
-7
 F.  The main 
difference between the resistances is likely a difference between contact and slight distribution in 
the contacts between particles. The increased amount of ATO seems to have increased the 
number of contacts in the network, which accounts for the drop in the resistances of these 
composites, but overall the ATO is loosely touching in the composite.  Figure 6.7(c) shows the 
complex impedance and fits for 10 phr ATO/glass for set #1.  The shape and behavior of the 
curves resembles that of the loosely compacted ATO in Figure 6.3, which supports the 
equivalent circuit models since it had similar values to the loosely packed ATO impedance.  
 Overall the equivalent circuit created in Section 6.1 worked well with all the 
compositions for set #1, even though the impedance behavior covered a large range of 
resistances and capacitances.  The inductance and ATO resistance (series RL) was consistent 
with the estimated ATO behavior as well as the glass/ATO boundary (Rglass and CPEglass) 
behavior being consistent with the pure glass impedance. 
6.3.2.  Equivalent Circuit modeling of Set #2 
 The composites that were fabricated at a peak temperature of 675°C showed a greater 
range of impedance behaviors and resistivities compared to set #1, which was hot pressed at 
550°C.   Figure 6.8 contains the various complex impedance behaviors for composites before(a), 
during(b) and after percolation(c). 
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Figure 6.8. Complex impedance for (a) 0.25, 1.0, 1.5 (b) 2.5, and (c) 5.0 and 7.5 phr set#2 
(ATO(nm)-GL0179S hot pressed at 675°C) with the applied equivalent circuit fits from Table 
5.3.   
 
 The impedance behavior in set #2 was similar to Set #1 except for a large exception, 
which occurred after the percolation threshold.  Figure 6.8(c) shows the complex impedance for 
7.5 phr and 5.0 phr ATO samples.  Unlike their counterparts in Set#1, the behavior for these high 
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concentrations has curvature in the fourth quadrant very similar to that observed with the hot 
pressed ATO(nm) presented in Figure 6.4.   
 Figure 6.8 also shows the fit values from Table 6.3,  based on the equivalent circuit from 
Figure 6.6(b).  For set#2 the equivalent circuit takes into account the behavior of the ATO(nm) 
material, represented by a resistor and inductor in series, the glass and ATO  encased glass at the 
boundary, and the behavior of the ATO(nm) network.  For compositions before percolation, the 
resistance for Rgrain1 was quite high and is within the resistance range for glass.  The capacitance 
(CPEgrain1 or CPE1 for short) associated with the resistance Rgrain1 is also in the same range as the 
capacitance for the pure glass impedance from Figure 6.3.  The resistance for Rgrain2 was slightly 
smaller for 0.01 and 0.1 phr ATO(nm), which seems to be more associated with a highly 
resistive ATO network.  This is supported by the capacitances for CPEgrain2, or CPE2 for short, 
which was closer to the range for the loosely touching ATO.  At these concentrations, the ATO 
clusters will be quite small and will likely be intermingled with glass.   
Table 6.3. Equivalent Circuit Fits For Set#2 (ATO(nm)-GL0179S Hot Pressed At 675°C). 
 
 As the concentration of ATO(nm) increases in the composites, an interesting switch 
occurs with the equivalent circuit fits.  For compositions around 0.25-1.5 phr (Figure 6.8(a)), 
which was around the percolation threshold, the resistance for Rgrain1 was very high and the 
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capacitance is still in the range of that of the pure glass.  At these concentrations it appears that 
long range conductivity is impeded by segments of glass breaking up the network.  The values 
for CPEgrain2 at these concentrations exhibit a change as the capacitance becomes negative, much 
like it did with the hot pressed ATO in Figure 6.4.  At these concentrations the ATO clusters are 
likely larger and reacting with one another such that they can be detected in the impedance 
response.   
 Once the percolation threshold was reached, which was at concentrations of 2.5 phr and 
higher, the large drop in resistance associated with percolation was modeled with the equivalent 
circuit for both Rgrain1 and Rgrain2.  For the capacitance, CPE1, which was associated with Rgrain1, 
the capacitance increases to the same range (~10
-9
 F) as the loosely pressed ATO.  So for this 
parallel R-CPE, Rgrain1 and CPEgrain1, the impedance behavior suggests that some of the ATO 
network involves a physical point contact.  Unlike set #1, the behavior for the second parallel R-
CPE, Rgrain2 and CPEgrain2, did not indicate ATO that had a physical point contact.  Instead, the 
capacitance for this part of the circuit, CPEgrain2, has a negative capacitance value similar to that 
of the hot pressed ATO.  So it appears that this part of the circuit models ATO that has reacted at 
the higher temperatures and have likely partially sintered.  So the ATO network for these 
composites hot pressed at 675°C showed a mixed behavior of physically touching ATO and 
partially reacted or sintered ATO.  Both contribute to the overall conductivity of the composite.   
 For the highly conducting samples, which are compositions ranging from 5.0-10.0 phr, 
the final impedance behavior of these composites can be seen. This is shown in Figure 6.8(c).  
These composites have impedance behavior in both the first and fourth quadrant.  The behavior 
in the fourth quadrant has curvature very similar to the hot pressed glass.  Unlike the hot pressed 
glass however, these composites also exhibit semicircular behavior in the first quadrant.  Based 
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on the equivalent circuit model the fourth quadrant behavior is due to the partially sintered ATO, 
and the semicircular behavior in the first quadrant can be contributed to the physically touching 
ATO.    
 The inductor and resistor that represent the ATO material stay relatively the same value  
The same occurs for the R-CPE (Rglass and CPEglass) circuit to represent the glass and the glass at 
the boundary of the ATO(nm) network.  The main variation in the circuit as the concentration 
increases is modeled by the two parallel R-CPE's in series.  The main ATO(nm) network is 
represented by the first parallel R-CPE (R1 and CPEgrain1).  The R1 is the more resistive element 
of the network so it will influence the overall composite properties.  As the concentration 
increases, the network capacitance also increases (CPEgrain1).  The second parallel R-CPE is more 
representative of the ATO(nm) as it is hot pressed.  This is because the capacitor in this part of 
the circuit (CPEgrain2) becomes negative around the same concentration as the percolation 
threshold.  With percolation the ATO(nm) filler particles are starting to come  into contact with 
one another and at this temperature the ATO(nm) seem to be reacting with one another, just like 
the hot pressed ATO(nm) did at this temperature.   The resistance also drops when percolation 
occurs. Past the percolation threshold, the resistance is quite low compared to all the other 
resistances from the equivalent circuit fits in Table 6.3.   
 So this second R-CPE (R2 and CPEgrain2) seems to be the distinguishing element between 
set #1 and #2 due primarily to this capacitor (CPEgrain2) and also the lower resistance.  Negative 
capacitances have been reported in glasses containing antimony-doped tin oxide so the antimony 
might be also reacting somewhat with the glass, along with one another.
130
  This would help 
explain the differences in magnitude between the negative capacitances in these composites and 
the hot pressed ATO(nm). 
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6.3.3. Equivalent Circuit Modeling for Variable Temperature and Pressure Study 
 From the equivalent circuit modeling for set #1 and #2, it was shown that the ATO 
network behavior influences the electrical properties through both physically touching and 
partially sintered interfaces of the ATO.  For set#1 the physically touching contacts of the ATO 
determine the electrical properties behavior at the higher concentrations.  With set #2, the higher 
temperature processing conditions resulted in an additional behavior of the interfaces and 
contacts with partially sintered ATO.  Since the difference between these sets was the processing 
temperature, examining both  pressure and temperature variations for samples containing the 
same amount of ATO (5.0 phr) could help show the influence processing has on the network and 
the interfaces within this network.   
Table 6.4. Equivalent Circuit Fits For the Processing Parameter Study for 5.0 Phr 
 (ATO(nm)-GL0179S). 
 
 Table 6.4 shows the equivalent circuit fits for the impedance results obtained for both the 
variable temperature and pressure study on the 5.0 phr ATO/glass composites using the 
equivalent circuit in Figure 6.6(b).  With the variable temperature study, the behavior of Rgrain1 
and CPE1 were consistent for all the temperatures.  Like the previous sets, the capacitance is 
similar to the loose dry press ATO powders, so for all three temperatures they exhibited 
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physically touching ATO.  With Rgrain2 and CPE2 the transition from positive to negative 
capacitance can be seen from 550°C to 610°C.  For the temperature study, the composites at 
610°C also had a negative capacitance for CPE2.  The value is lower than that of the values 
obtained for the same composition for set #2 (hot pressed at 675°C) so the ATO is likely not 
reacting as much at the lower temperature (610°C).   
 The influence the pressure has on the network is a little more complicated.  All of these 
composites were processed at 675°C.  It appears that the temperature is the cause of the negative 
capacitance since all the composites hot pressed at the various pressures had very similar 
negative capacitances and resistances for Rgrain2 and CPE2.   The pressure seemed to primarily 
influence Rgrain1 and CPE1.  As the pressure increases from 5.8 MPa to 11.7 MPa the resistance 
decreases slightly and the capacitance increases to values similar to the loosely compacted 
ATO(nm).  The pressure is likely influencing the physical point contact, but has likely reached a 
limit since there is little change in Rgrain1 when increasing the pressure from 11.7MPa to 23.4 
MPa.  Since for the variable pressure study the concentration was held constant at 5.0phr ATO, 
further improvements in the ATO network’s resistance is also likely due to the number of point 
contacts along with the force at which the particles are physically touching.  
6.3.4. Equivalent Circuit Modeling for Set #3 
 Set #3 (ATO(nm)-GL0179L (large glass microspheres) hot pressed at 675°C) was 
processed at the same temperature, pressure, and time as set #2.  As a result, the equivalent 
circuit used for set #3 should be similar to the one used for set #2 (small glass microspheres).  
Figure 6.9 shows SEM micrographs of the ATO(nm) network in these composites.  It appears 
that the boundary between the ATO(nm) and the glass has a region of glass and ATO, which are 
marked off with the arrows.  Within these boundaries, the ATO network looks partially recessed, 
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likely due to this section of the impedance network being loosely held together that resulted in 
ATO being removed during polishing.  This was similar to what occurred in set #2 so the 
equivalent circuit used in set #2 was applied to this large glass particle composite study.  The 
complex impedance for select compositions and their corresponding fit parameters for this 
composite set are shown in Figure 6.10 and Table 6.5 respectively.  Figure 6.10(a) has a large 
semicircle in the first quadrant for compositions before the percolation threshold.  Just before 
percolation, the networks are cut off since the resistance is very high( ~10
10
 Ω).   While the 
percolation networks are starting to be linked, such as with 2.5 phr ATO in Figure 6.10(b), the 
resistance drops significantly (4 orders of magnitude) and also the semicircle becomes stretched 
along the horizontal axis.   This suggests that multiple processes are involved during this stage.  
 
Figure 6.9. SEM micrographs of 5.0 phr (a and b) and 10 phr (c and d) for set #3 (ATO(nm)-
GL0179L hot pressed at 675°C).  Arrows were added to show the insulating glass/ATO 
boundaries, which also appeared in the microstructures in set #2 (ATO(nm)-GL0179S hot 
pressed at 675°C).  
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 For the post-percolation compositions of 7.5 and 10.0 phr in Figure 6.10(c), the 
impedance behavior is very similar to the complex impedance of the post-percolation composites 
of set#2 (Figure 6.8(c)).  For all of the complex impedance in Figure 6.10(c), all the 
compositions have a noticeable tail trailing into the fourth quadrant, much like the complex 
impedance of the hot pressed ATO in Figure 6.4.  The primary difference between these two 
figures is that for the composites, especially for 7.5 phr, the complex impedance also has some 
activity in the first quadrant. This suggests that an additional process is occurring in these 
composites that aren’t in the hot pressed ATO.  Like set #2, the capacitance and resistance that 
represent the glass/glass boundary and the ATO(nm) material was relatively constant for all the 
compositions and comparable to the fit values in set #2.  The difference between this larger 
sized-glass and set #2 is primarily the resistances of Rgrain1 and Rgrain2.  The resistance for Rgrain1, 
which previously was identified as an ATO-ATO contact resistance, was lower for set #3 
compared to set #2.  The capacitance (CPE1) is still within the range for loosely packed 
ATO(nm) so the quality of contact between the ATO(nm) particles is similar to that of set#1 and 
set #2.  The reason Rgrain1 is lower for set#3 compared to set#2 is likely the number of contacts.  
For composites with the same composition, set#3 will likely have a higher number of contacts 
within the percolated network since there aren’t as many glass boundaries as there are in set#2.  
This is due to the larger sized glass particles.  As a result the ATO would be more heavily 
concentrated within these networks.  Examples of this can be seen in Figure 6.9 where the ATO 
networks have a much larger thickness compared to the networks in set#1 and #2. For the second 
parallel R-CPE, which was used to model the negative capacitance and partially sintered ATO, 
this set also had negative capacitances but overall was smaller than set #2 and more similar to the 
hot pressed ATO from Figure 6.4.    
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 What is surprising about set #3 is that with a fewer number of boundaries and a higher 
amount of ATO clustered at these networks these samples didn’t percolate at lower phr (before 
set #1 or #2).  Set #1 and #2 had a percolation threshold around 0.1-1.0 phr, while set #3 
percolated around 1.0-2.5 phr ATO.  From Figure 6.9 and 5.11 the ATO networks tend to be the 
largest at the triple points but towards the center of the edges they are much thinner.  With the 
large glass initially the glass particles are touching each other at a point and spread out from this 
point.   Since the ATO isn’t penetrating into the glass, the ATO will also be pushed away from 
this point.  For low concentrations the ATO will tend to accumulate more at the triple points.  Set 
#3 seems to be more susceptible to this because with a fewer number of networks compared to 
set #1 and #2, a relatively high number of these breaks can be detrimental to the electrical 
properties.  Set #1 and #2 have a higher number of networks, so there will be more parallel paths 
for the current to go through if there is a break in one section of the network. 
 From the complex impedance and equivalent circuit model for set #3 the onset of 
percolation showed a change in not only the resistance but for the capacitance.  Like set #2 CPE-





 F.  It appears that this part of the circuit is showing the network overcoming these breaks 
due to the glass (indicated by the 10
-11




Figure 6.10. Complex impedance and fits for (a) 0.1, (b) 2.5, and (c) 7.5 and 10 phr for set #3 
(ATO(nm)-GL0179L hot pressed at 675°C).  The fits were applied using the equivalent circuit 





Table 6.5. Equivalent Circuit Fits For Set#3 (ATO(nm)-GL0179L Hot Pressed at 675°C). 
 
 From the temperature and pressure study, it is expected that the ATO would sinter in 
these composites.  Also expected in these composites is the glass behavior at the edges of the 
ATO network, which was prominent in set #2 and this set of composites.  This border resistance 
was consistently high for all the compositions so for the equivalent circuit the influence this had 
was that the majority of the conducting processes would go through the two parallel RCs in 
series.  The important influence this glass barrier would have is the capacitance associated with 
it, which was consistently in the range of that of the pure glass (~pF).   
6.4. Frequency Dependent Behavior 
 The application of the equivalent circuit model to sets #1-3 and the variable temperature 
and pressure study yielded very promising results.  Overall the general trend was that at low 
concentrations the ATO network starts as small clusters isolated by regions of glass.  As the 
concentration increases and these clusters start to span throughout the composite, this glass 
behavior starts to go away and is replaced by the behavior of the ATO network.  The network 
behavior is heavily influenced by the fraction of physically touching ATO, partially sintered 
ATO, or a combination of the two.   
 It appears that for these composites, many of the processes that are occurring are the 
same, so the primary difference is the extent to which they contribute to the overall impedance at 
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different stages of ATO concentrations.  A way to help verify that these processes are similar is 
to examine the frequency behavior of some specific impedance functions.  This will also help 
verify if many of the trends observed in the equivalent circuit fits were accurate.   
While the impedance is useful in determining the electrical behavior, the other dielectric 
functions: permittivity, modulus, and admittance are also important in gathering information on 
the electrical behavior.
93, 131
 When a peak appears in an imaginary part of one of these functions, 
this often represents a relaxation that is occurring, but which pairs occur together determine what 
type of relaxation is occurring, whether it is caused by a bound dipole or one caused by long-
range conductivity.
93, 112
 Figures 6.11 show Bode plots that have a comparison between the 
imaginary impedance (Z”) and the imaginary modulus (M”) for select compositions in set #1.  
Both have been normalized to unity based on the largest peak.  These plots are useful since they 
emphasize the conductivity relaxation time, so the peak positions are highly dependent on the 
material conductivity.  The peak height in Z” will be dominated by the most resistive element.
132
  
With the pre-percolation composition at 0.001 phr, all of the peaks occur at lower frequencies 
(<10
1
 Hz) and the peak in Z” is close to matching with the peak in M” around 10
0
 Hz.  This 
means that there is one primary dominant process that is occurring in the composites, which at 
these concentrations is due to the highly insulating glass breaking up the ATO network.  This 
supports what is modeled with the equivalent circuits in Table 6.2.  For a composition close to 
the percolation threshold, which is 0.01 phr ATO for set #1, interesting behavior can be seen.  
With  Z"  at 0.01 phr ATO, the peak is very similar to the one that was observed with 0.001 phr 
ATO at 10
0
 Hz.  A matching peak in M" is also seen at this frequency, which means that the 
composite electrical properties are controlled by this process.  However, with M" there is a 
secondary peak at a much higher frequency.  This peak in M" occurs at about 10
4
 Hz.  This 
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secondary peak indicates that there is an additional process that is occurring within the composite 
but since there is no matching peak in Z", this means that this process is not contributing to the 
long range conductivity of the composite.  Instead this process is occurring on a short range.   
With compositions above the percolation threshold, such as 2.5 and 10.0 phr for set #1 in 
Figure 6.11, both the Z" and M" peaks have shifted to about 10
6
 Hz or higher.  With this 
frequency shift, the main conducting mechanism in the composite is much less resistive than 
before. For 2.5 phr ATO, there is a mismatch of the peaks in Z" and M" which is often an 
indication of the material or composite not being an ideal conductor.
110
  For this composition this 
is occurring around the percolation threshold as the ATO networks are forming.  The contact 
between the ATO particles in the network at this concentration will have a weak point contact 
with one another, which is likely the cause of this non-ideal behavior.  As the concentration 
increases, these contacts must improve, since with 10.0 phr ATO in Figure 6.11 the Z" and M" 
peaks partially shift to outside the frequency range and they appear to be more in-sync.  As the 




Figure 6.11. Normalized M” and Z” for select compositions for set #1 (ATO(nm)-GL0179S hot 
pressed at 550°C). M” and Z” peaks were normalized to +1 and -1 respectively. All samples 
presented here were in the middle position during hot pressing.  
 
 For set #2, similar behavior was observed across the various concentrations, which is 
shown in Figure 6.12.  Figure 6.12(a) shows the normalized Z" and M" peaks for 0.001 phr, 
which is the lowest concentration composite.  As expected for such a low concentration sample, 
the glass impedance is by far the most dominant in these composites since any ATO in the 
microstructure is primarily isolated.  This is why for this composition the impedance behavior 
was modeled with just a parallel RC, just like the impedance of just the pure glass and not with 
the proposed circuit model that was used for the rest of the concentrations.  Even so for these 
concentrations there are some indications of the presence of the isolated ATO clusters. 
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Figure 6.12. Normalized M” and Z” for select compositions for set #2 (ATO(nm)-GL0179S hot 
pressed at 550°C). The selected compositions were (a,b) 0.001 phr, (a) 1.0 phr, and (d) 2.5 phr.  
For part (b) 0.001 phr top was the sample and was normalized to the second smaller peak. (a and 
b) were modified from reference 
113
. Additional normalized peaks in tan δ, ε", and Y" were 
included in (b). M” and Z” peaks were normalized to +1 and -1 respectively except for (b).  
 
 
 Figure 6.12(b) shows a secondary peak for 0.001 phr ATO (top) from part(a).  This 
secondary peak occurs around 10
3
 Hz.  Much like with the frequency dependent behavior in set 
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#1, this secondary peak does not have a corresponding peak with Z”, so the cause of this peak is 
due to short range conductivity.  This is supported by the addition of normalized tan δ, Y”, and 
ε”.  Like Z”, a peak in Y” will be dominated by the long range conductivity mechanism.
93
  For 
6.12(b), there are no matching peaks between M” and Y”.  There is however, matching between 
tan δ and ε”, which are indications of localized relaxations and short term conductivity.
93
  For 




 Much like set #1 the percolation behavior in set #2, shown in Figure 6.12(c) and (d) 
involves a transition of the Z” and M” peaks to higher frequencies.  The same can be seen with 
set #3, shown in Figure 6.13.  These figures show the normalized M” and Z” for compositions 
just before percolation (a) and after percolation (b).  The frequencies and general peak behavior 
for these two compositions in Figure 6.13 are very similar to the ones in Figures 6.11 and 6.12.  
It seems that in these composites the onset of percolation is similar, and the main difference is 
how the processing conditions influence the impedance values once percolation has occurred. 
 
Figure 6.13. Normalized M” and Z” for (a) 0.1 phr and (b) 2.5 phr from set #3 (ATO(nm)-
GL0179L hot pressed at 675°C). M” and Z” peaks were normalized to +1 and -1 respectively.  
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6.5. Equivalent Circuit Fitting for Set#4 
 Based on the microstructure of the ATO(μm)-GL0179S composites, a similar equivalent 
circuit model from Table 6.2 should be applicable to these composites.  The main microstructural 
feature difference in these composites seems to be a lack of glass penetration along the ATO 
network.  This is likely due to the larger sized ATO.  The modified equivalent circuit with the 
removed circuit elements can be seen in Table 6.6 along with the fits for all the compositions in 
this study.  The applied fits to Table 6.6 can be seen for select compositions in Figure 6.14.  
Since the percolation threshold was between 7.5 and 10.0 phr, the pre-percolation behavior was 
similar for all the sets with the exception of 10.0 phr.  Figure 6.14(a) shows the behavior for 5.0 
phr which exhibits a large semicircle in the first quadrant.  The equivalent circuit fit had large 





 F which was very similar to the capacitances for the hot pressed glass.  
For all the compositions before percolation, these values were obtained.  Since the ATO in this 
study was larger, there will be less segregation initially due to the particle size ratio.  This means 






















Figure 6.14. Complex impedance and equivalent circuit fits of (a) 5.0 phr and (b) 10.0 phr from 
set #4 (ATO(µm)-GL0179S hot pressed at 675°C).  The fits were applied using the equivalent 
circuit fits from Table 6.6.   
 
 With the onset of percolation between 7.5 phr and 10 phr ATO, the impedance behavior 
changes by 8 orders of magnitude to what is shown in Figure 6.14(b).  The fits shown here on 
this plot also show that the equivalent circuit was able to model this data.  From Table 6.6 both 
Rgrain1 and Rgrain2 had capacitances in the nanofarad range which was similar to the capacitance 
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range for one of elements with the loosely compacted ATO particles.  So much like set #1, the 
ATO network’s electrical properties seems to be dictated by physically touching ATO particles 
and their point contacts.  It is likely that the larger size of the ATO, which was around 1-5 µm in 
this set, was the reason why the ATO didn’t partially sinter at the peak temperature of 675°C.  
What is significant for all these sets is that all the composites so far have exhibited some sort of 
physical contact, which means that along with a percolation threshold these composites are also 
forming a rigid network.   Even though a rigid network is formed as these composites are 
consolidated, they all were consolidated to high relative densities, even at relatively low 
temperatures.  This shows that this processing method is able to bypass many of the issues that 
have limited percolation in glass composites before.  This processing method has also increased 
the range at which these composites can be fabricated.  Instead of having to sinter at 10
6
 Pa·s or 
lower, this method allows for processing the glass transition range to the softening temperature.  
For many glasses, this increases the potential processing range by 300-400°C.  With the 
difference in ATO behavior for set #1 and #2, it was also shown that for many of the composites 
studied, that  filler particles reacted at the higher processing temperature.  So with this increased 
processing range, a larger control of the type of potential interfaces and resulting electrical 
properties opens up a wide variety of potential types of composite systems. 
 
6.6. Impedance and Equivalent Circuit Analysis for SiCw Alone and In Glass Composites 
 Since one of the main focuses of this study was to show the flexibility and potential of 
this processing method, it was necessary to use different types of filler material in this study.  
With the composites made with ATO, a large change in the electrical properties was observed 
and these properties were found to be dependent on several processing factors.  This included the 
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temperature and pressure.  It is important though to see how the electrical properties behave for a 
composite system with a different filler material.  Not only do the electrical properties of SiCw 
differ from ATO, but the shape and size are also very different from the ATO.  From the 
previous chapter, it was shown that composites containing SiCw did percolate around 10.0 phr 
and that there was some anisotropy depending on the electrical measurement direction.   
6.6.1 Impedance Analysis of Compacted SiCw 
 Similar to the composites containing ATO, it is important to obtain an estimate of the 
impedance of just the whiskers in order to help construct a better equivalent circuit for the 
composites.  Since it isn’t possible to get a monolithic sintered ceramic out of the whiskers by 
hot pressing, the dry press technique described in section 3.4.3 and 6.1 will be used.   
 The complex impedance of compacted SiCw for various pressures is shown below in 
Figures 6.15 (a-c). A Bode plot or frequency dependent plot of the impedance magnitude is 
shown in Figure 6.15(d).  The complex impedance shown in  Figures 6.15(a-c) all have relatively 
the same type of behavior, which is a semicircle with a tail at the lower frequencies.  As the 
pressure increases, these semicircles reduce in size but the shape generally remains the same.  
Equivalent circuit fits of the complex impedance are shown with the solid lines in Figures 6.15 
(a) and (d).  The fits themselves along with the equivalent circuit used are listed in Table 6.7.  
This circuit is an inductor in series with two parallel R-CPEs.  The inductor itself decreases 
slightly with pressure but the biggest influences on the impedance are the two parallel R-CPEs.  
From the impedance magnitude in Figure 6.15(d), the change in the impedance by just changing 
the compaction pressure covered a range of over five orders of magnitude.  While the whiskers 
themselves are not as conducting as the ATO, this change in the electrical properties by just 
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changing the applied pressure was quite substantial.  It seems that the contacts and interfaces 
between the whiskers had a much greater influence on their impedance than it did with the ATO.   
 
Figure 6.15. (a) Complex impedance for select pressures for dry-pressed SiCw.  (b and c) Zooms 
of the data presented in part (a).  (d) Bode plot of the Log impedance magnitude for select 





















Table 6.7. Equivalent Circuit Fits for Compacted SiCw at Various Pressures.  
 
 
 The complex impedance graphs for various concentrations of the whisker composites are 
shown in Figure 6.16.  This figure includes the complex impedance measured in both the 
perpendicular and parallel to the hot pressing direction.  Figure 6.16(a and b) shows the complex 
impedance for 0.001 and 0.01 phr for the perpendicular and parallel directions, respectively.  
This concentration of whiskers is the lowest for all these composites and should have the highest 
impedance.  While the impedance is high, it isn't as high as expected for a composite that is 
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primarily glass.  This could be due to some residual carbon during hot pressing as well as some 
carbon released by impurities in the whiskers.  The equivalent circuit to fit the complex 
impedance in Figure 6.16 (a and b), which is shown with the solid lines, was based on the 
impedance and other immitance functions as well as the equivalent circuit fit from the dry 
pressed SiCw. The equivalent circuit for Figure 6.16(a and b) is an inductor in series with three 
parallel RCs.  This circuit can be seen in Table 6.8.   The fit parameters for this equivalent circuit 
are also listed in Table 6.8.   
 
 
Figure 6.16. Complex impedance and equivalent circuit fits for set #5 (SiCw-GL0179S hot 
pressed at 675°C).  (a,b) 0.001 and 0.01 phr SiCw along the perpendicular and parallel direction, 
respectively. (c,d) 5.0 and 7.5 phr SiCw along the perpendicular and parallel direction, 
respectively. (e,f) 10.0 and 12.5 phr SiCw along the perpendicular and parallel direction, 





Table 6.8. Equivalent Circuit Fits for Set#5 (SiCw-GL0179S hot pressed at  675°C) for the 









F which was similar to the values obtained in the dry press whiskers.  The 
parallel direction was more similar to the dry press impedance than the perpendicular direction.  
The dry pressed whiskers were measured parallel to the pressing direction so the whiskers likely 
do not have as much orientation as they would have in the perpendicular direction.  The parallel 
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hot pressed direction also has a more random orientation of the whiskers, which is why it is more 
similar to the dry pressed whiskers than the perpendicular hot pressed measurement.
49, 50, 53, 111
 
The composites also have a combination of both whisker behavior and glass behavior so the dry 
pressed and composite impedance are not directly related.  The glass behavior is represented 
mostly by the last parallel R-CPE, which consist of Rgrain3 and CPE3.  
  For the parallel measurement, this had the capacitance most similar to the glass 
capacitance and it had the largest resistance of the circuit.  It is likely that overall the capacitance 
is influenced by the whiskers due to their polarization, which is likely causing similar behavior 
of elements but with a slight distribution.   This also helps explain the complex behavior in the 
parallel direction compared to the perpendicular.  In the parallel direction (b), the semicircles are 
not as symmetric as they are along the perpendicular measurement direction (a). Since the 
whiskers are not as aligned as they are in the perpendicular direction, the parallel measurements 
are expected to have more breaks in the network compared to that of the perpendicular. For 
higher concentrations, such as 5.0 and 7.5 phr, the last circuit element is the most influenced by 
concentration.  The impedance for these concentrations is shown in Figure 6.16 for the 
perpendicular (c) and parallel (d) directions.  These concentrations are before the onset of 
percolation for both the parallel and perpendicular direction.  The general shape of the curve is 
similar to (a) and (b) but for the parallel direction, there are fewer composites that have as 
distorted complex impedance semicircles as it did in part (b).  With the higher amounts of 
whiskers, the conducting network is beginning to develop and is resulting in fewer breaks in the 
network.  These breaks still exist but the gaps are likely much smaller since the capacitance for 
R3 and CPE3 has increased so the whiskers are influencing this.   
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 With the onset of percolation at 10.0 and 12.5 phr the third parallel RCPE, which was 
attributed to the glass breaks in the whisker network, goes away.  This change in the circuit is 
shown in Table 6.8. With the complex impedance, shown in Figure 6.16 (e) and (f), both the 
perpendicular and parallel directions have a reduction in the real impedance but also the general 
shapes of the semicircles for both directions are similar.  The perpendicular direction likely has a 
higher number of contacts in the whisker network, which results in a slightly lower resistance.
50
  
A reason why the impedance for both measurement directions is so similar to the dry pressed 
whisker impedance after percolation can be explained with the additional drop in density of these 
composites.  This drop in density along with the corresponding resistivity can be seen in Figure 
6.17(a).  From this figure, the onset of percolation results in not only a drop in the resistivity, but 
also a drop in the relative density. 
111
 Examining the microstructure however, shows that the 
glass is deforming around the whiskers.  An example of this is shown in Figure 6.17(b).  Porosity 
is present in 6.17(b) within the large clusters of whiskers.  It seems that many of these large 
clusters of whiskers have little glass penetrating inside of it.  Instead it has open porosity similar 
to the whiskers that have been dry pressed.  This is especially the case for the parallel direction.  
Since the whiskers are oriented more randomly, it would be harder for the glass to penetrate 
these clusters compared to the perpendicular direction.  From the equivalent circuit fits, the 
perpendicular direction deviates more from the dry pressed whisker impedance.  This is likely 
due to the greater interaction the glass has with the whiskers along this direction.  This 
interaction is likely the cause of the behavior with the capacitance.   
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Figure 6.17. (a)Log Resistivity vs. relative density of SiCw/borosilicate glass composites.  Both 
the perpendicular and parallel measurement directions are shown. (b) SEM micrograph for 12.5 




While the composite has percolated around 10-12.5 phr SiCw, the overall impedance is still quite 
high (10
6
 Ω).  Although this is comparable to hot pressed alumina-SiCw composites at similar 
concentrations, the dry pressed whiskers impedance from Figure 6.15(c) suggests that the 
impedance of these composites can be improved.
48
   
 
6.7. Summary of the Electrical Properties of Percolated Segregated Composites 
 For this study glass composites were made that percolated by forming segregated 
networks of the filler.  The processing method involved focused on controlling the particle size 
ratio of the filler and matrix particles as well as the viscosity of the glass during hot pressing.  
The viscosity was controlled so it was low enough to allow the composites to be consolidated, 
but high enough that it prevented the filler from penetrating the glass particles and instead was 
segregated to the glass particle edges.  At high enough concentrations, this segregated filler 
would percolate.  The advantage of this method is that it bypassed many of the issues glass 
composites currently had with creating segregated percolated networks.  These issues included 
composition dependences of the filler and matrix as well as the filler forming rigid networks that 
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resist consolidation during processing.  The processing method is able to bypass these issues as 
well as opening up the processing range at which these composites can be fabricated by several 
hundred degrees.  For this study, composites were made at a much lower temperature than usual.  
This lower temperature allowed for a range of behaviors to occur at the filler interfaces.  
Through impedance spectroscopy, the influence that processing conditions had on the filler 
interfaces and electrical properties was demonstrated.  Through slight variations in these 
processing conditions, such as temperature and pressure, a wide range of electrical properties 
could result.  Examples of which are shown in Figure 6.18.  This figure shows a summary of the 
various composite sets made for the 5.0 phr (a) and 10.0 phr(b) of the ATO filler.  Even though 
these composites all had the same concentration of filler, slight adjustments in the particle size 
ratio or temperature  resulted in the electrical resistivity ranging about 9 orders of magnitude for 







Figure 6.18. Summary of the resistivities achieved for all the primary composites sets at (a) 5.0 
phr ATO and (b) 10.0 phr ATO showing the wide range of electrical properties that can be 




CONCLUSIONS AND FUTURE WORK 
 
7.1. Conclusions 
 Borosilicate glass composites containing segregated and percolated networks of either 
ATO or SiCw were fabricated through a hot pressing method.   This hot pressing method 
incorporated several processing modifications originally used with polymer composites to create 
percolated segregated networks.  The method involved fabrication around the glass transition 
temperature and softening point of the glass, which is substantially lower than the typical 
temperatures used to isothermally sinter glass (> 400°C).   Because of these lower processing 
temperatures, the filler was segregated to the edges of the glass particles and resulted in 
percolated segregated networks. This processing method also allowed for a range of possible 
interfaces types to occur between the filler particles that controlled the resultant electrical 
response.  This was observed primarily for the ATO composites which were studied as a function 
of glass/ATO size ratio, temperature, pressure, and composition.  Changes were possible due to 
the much higher processing temperatures used with the ceramic glass composites when 
compared to polymer matrix composites.   
 In regards to percolated glass composites with segregated networks, this thesis is one of 
the few studies outside of the thick film resistor area that focused on electrically conducting glass 
composites.  This thesis is also the first to apply the modified hot pressing method, to bulk 
ceramic glass composites in the effort to achieve percolated segregated networks of conducting 
fillers.  The locations of these segregated networks were confirmed with a combination of AFM, 
I-AFM, optical, scanning electron microscopy, and EDS.  The glass microspheres deformed into 
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faceted polyhedra with the filler primarily located at the edges, which led to the formation of  the 
percolated networks.  Depending on the size ratio between the glass and the filler and the 
temperature used during hot pressing, the percolation threshold could vary from 0.1 (set #1 and 
#2 ATO composites) to about 10 phr (SiCw composites).  For some of the composites (set #2), 
the drop in resistivity spanned over 12 orders of magnitude.  The resistivity and the percolation 
threshold could be varied by adjusting the particle size ratio, temperature, and pressure.  The 
temperature in particular could be used to control the resistivity of the percolation network.  This 
was due to a couple of factors.  With the higher temperatures, the glass was able to penetrate the 
network more, but even with this increased amount of glass penetration, the resistivity still 
decreased for composites with percolated networks of ATO.   
 Impedance spectroscopy was used as a technique to investigate these microstructural 
variations in the filler network.  It was found that the glass composites that exhibited lower 
resistivities when processed at higher temperatures had noticeable behavior differences at the 
ATO interfaces. The ATO interfaces ranged primarily from a physical point contact to a partially 
sintered contact. The quality of contact between the filler particles had a strong influence on the 
overall electrical properties of the material.  Overall, the partially sintered contact improved the 
electrical resistivity more than just the physical point contact.  Through impedance spectroscopy 
measurements of the composites and of the individual precursor powder material, in various 
states, the differences in the quality of contact between filler particles and the resulting electrical 
properties were shown.  An equivalent circuit model was created to describe how the percolated 
networks form and how the filler interfaces inside these networks control the electrical 
properties.  By using this model, which consists of the arrangement and the properties of the 
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glass, the properties of the fillers, and the interfaces between them, the influence of the 
processing conditions on the electrical properties and the percolated networks was demonstrated. 
 
7.2. Future Work 
 This research project demonstrated that segregated percolation can be achieved through a 
processing method that seemingly has little reliance on the material composition, but is more 
dependent on the physical arrangement of the fillers.  In order to further vindicate this 
conclusion, additional glass and filler compositions should be studied.   Along with these 
compositions, the entire temperature range from glass transition to close to the working point 
should be studied.  This will show the full range of  potential interfaces and electrical properties 
that can form as well as the viscosity range for these glass composites before the glass will break 
up the networks.  This method would also help to show the specific hot pressing time, 
temperature, and pressure that can be used to optimize the composite properties.  
 The method described in this study involved using relatively low temperatures. While hot 
pressing was necessary to achieve this segregation, there were several other variables that limited 
the percolation threshold.  Raising the temperature during hot pressing resulted in an 
improvement of the electrical conductivity, but also an increase in the amount of penetration of 
glass into the ATO network.  A way to possibly improve the electrical conductivity is to form the 
networks at relatively low temperatures through hot pressing.  Once the composite has been 
formed, the composite can be heat treated without pressure.  This may reduce glass penetration 
into the network.  Different atmospheres, specific for the filler, can also be used to help improve 
the filler-filler contacts.  The rigid network percolation network of the filler that has formed is 
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also advantageous for this since it will resist the glass composite deforming during these heat 
treatments.     
 The current method to produce these composites with a segregated network involves hot 
pressing at certain temperatures and pressures in order to achieve this segregated network.  With 
higher temperatures the electrical conductivity improved with an increase in temperature due to a 
change in contact (partial sintering).  A method to possibly further improve these contacts while 
using these relatively low temperatures is to use spark plasma sintering(SPS).  Like hot pressing, 
SPS utilizes a uniaxial force, but in addition it applies high amounts of electrical current.  This 
method has been shown to sinter many materials at shorter times and at lower temperatures then 
regular hot pressing.  For these composites, it could be a way to improve the contacts and charge 
transfer between filler particles.   
 With the formation of segregated networks, the electrical properties, primarily the 
electrical conductivity, were improved greatly.  While the electrical properties improved, it 
would be interesting to see how the network could influence other materials science properties.  
Specifically, the mechanical properties.  Since the networks are confined to the edges, the 
composite will primarily be held together by the glass.  The addition of the networks should 
influence the mechanical properties.  It has been shown that even with pure glass, the presence of 
boundaries has resulted in an increase of  the fracture toughness.
133
  With the addition of these 
ATO networks, an increase in the fracture toughness is therefore expected.
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 Finally the composites made in this study were relatively thick, which contributed to 
percolation in three-dimensions within the composite.  A reduction in the composite thickness 





ADDITIONAL IMPEDANCE SPECTROSCOPY PLOTS 
 
 
 The other complex immitance spectra, particularly the modulus and admittance, for select 
composites along with the equivalent circuit fits are presented in this appendix.  The immitance 
functions were calculated using the equations in section 2.7.2.  The other functions in 
conjunction with the circuit fits show the accuracy of the fits and the correlation of the model to 
the microstructure of the composite.  Both set #1 (550°C) and #2 (675°C) will be shown since 
these were the primary composites studied with the equivalent circuit model. 
 
A.1. Complex Admittance and Modulus for Set #1(550°C) 
 The complex admittance plots of the composites and their equivalent circuit fits for select 
compositions during percolation, and after percolation are shown in Figures A.1-A.2, 
respectively.  The complex modulus for select composites at various concentrations are shown in 
Figures A.3-5.   
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Figure A.1.  Complex admittance plots and equivalent circuit fits for 1.5 and  
2.5 phr ATO composites in set #1 (550°C). 
 
 
Figure A.2.  Complex admittance plots and equivalent circuit fits for 7.5 and  






Figure A.3.  Complex modulus plots and equivalent circuit fits for 0.05 phr ATO composites in 
set #1 (550°C). 
 
 








A.2. Complex Admittance and Modulus for Set #2 (675°C) 
 The equivalent circuit fits for set #2 were also applied to the complex admittance, 
modulus, and permittivity.  These fits also showed that the circuit modeling worked well with 
these functions.  The complex admittance for various concentrations is shown in Figure A.6-8.  




Figure A.6.  Complex admittance plots and equivalent circuit fits for 0.01 and 0.1 phr ATO 
composites in set #2 (675°C). 
 
 
Figure A.7.  Complex admittance plots and equivalent circuit fits for 1.5 and 2.5 phr ATO 




Figure A.8.  Complex admittance plots and equivalent circuit fits for 7.5 and 10 phr ATO 
composites in set #2 (675°C). 
 
 
Figure A.9.  Complex modulus plots and equivalent circuit fits for 0.01 and 0.1 phr ATO 




Figure A.10.  Complex modulus plots and equivalent circuit fits for 1.5 and 2.5 phr ATO 
composites in set #2 (675°C). 
 
 
Figure A.11.  Complex modulus plots and equivalent circuit fits for 7.5 and 10 phr ATO 
composites in set #2 (675°C). 
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Figure A.12.  Complex permittivity plots and equivalent circuit fits for 0.01 and 0.1 phr ATO 
composites in set #2 (675°C). 
 
 
Figure A.13.  Complex permittivity plots and equivalent circuit fits for 1.5 and  2.5 phr ATO 




Figure A.14.  Complex permittivity plots and equivalent circuit fits for 1.5 and  2.5 phr ATO 
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